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A PRELIMINARY INVESTIGATION OF 
THREE ADVANCED WIND ENERGY 
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University o f  Massachusetts 
Amherst, Massachusetts 01 003 
January 1978 
Th is  r e p o r t  i s  p r i m a r i l y  cor~cc-.rn~d w i t h  an a n a l y s i s  o f  advanced wind 
d r i v e n  energy systems. Three ct lch s.ystenis, t h e  Improved Wind Furnace System 
and t h e  Wind D r i ven  T o t a l  Energy S!/sl;e!il~, Types I ant1 11, f o r  t he  supp ly  
o f  energy t o  e l e c t r i c a l ,  space h e a t i n g  and domest ic h o t  wa te r  loads a r e  
cons idered f o r  New Enuland r e s i d e n t i a l  and fa rm a p p l i c a t i o n s .  These 
s,yst,erns a r e  s t u d f e d  w i t h  t h e  a i d  c;P an i n . t e r a c t i v e  d i g i t a l  computer 
s in lu l  a t j o n  (WDTES-I j and an eccnotnics praogr.arn (WSIIECO) . A1 though t h e  
proqralns i n c o r p o r a t e  some i d e a l i z a t i o n s ,  t hey  r ep resen t  a necessary 
p r e l  i r l l inary  i n v e s t i c j a t i o n  of t he  t o t a l  system and i t s  components. The 
computer r~iodels a r e  designed t o  be genera l  enough t o  a1 low f o r  wide 
v a r i a t i o n s  o f  l oads ,  component s i zes ,  work ing  f l u i d s  and energy cos t s ,  
b u t  s p e c i f i c  enough t o  approach an optimum des ign  p o i n t  based on max- 
irnurn energy e f f i c i e n c y  or minimum t o t a l  system cos t s .  
Resu l t s  i n d i c a t e  t h a t  t h e  Wind D r i ven  To ta l  Energy System, Type I1  
model requ-ires t h e  l e a s t  amount o f  a u x i l i a r y  energy i n p u t  t o  t h e  system 
f o r  a l l  t h ree  r e s i d e n t i a l  and fa rm se t . t i ngs  cons idered.  However, i t  
was found t h a t  t h e  h i g h e r  c a p i t a l  cos t s  o f  t h e  Wind Dr iven  T o t a l  Energy 
System. Type IS ,  d i d  n o t  j u s t i f y  i t s  use when compared t o  t h e  l e s s  energy 
e f f i c i e n t  b u t  a l s o  l e s s  expens ive Improved Wind Furnace System. All 
systems s t u d i e d  though, if mass produced, were found t o  be l e s s  expens ive 
a n n u a l l y  than  t h e  conven t iona l  e l e c t r i c ,  o i l  and gas energy supp ly  systems, 
n rov i ded  t h a t  t h e  c a p i t a l  cos t s  a r e  amor t i zed  over  a twen ty  y e a r  p e r i o d ,  
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o 1 , I ,  I I i o  I .  ) I y I I - So ld r  clnergy, w i  th i t s  
S U L ) ~  I v I %, 1'011 w I t l d  (>ri(>rijy, I . ( \~~cs(>I I  t~ (1 v i t l l > l  t> (11 t ~ r r ~ d t i v ~  soc i  a1 l y  , 
po l  I t i c d l  l y  and a e s t h e t i c a l l y ,  dnd ~ i i o s t  i n ~ p o r t a n t l y ,  f o r  c e r t a i n  ap- 
p l i c a t i o n s ,  economica l ly ,  t o  t h e  convent iona l  methodsoof energy supply .  
Approx imate ly  20 pe rcen t  of t h e  energy used i n  t h e  Un i t ed  S ta tes  
annua l l y  i s  f o r  hea t i ng  and c o o l i n g  of b u i l d i n g s  and res idences [ 3 ]  and 
approx imate ly  t h r e e  percen t  o f  t h e  t o t a l  energy i s  consumed f o r  h o t  
wa te r .  Therefore,  by reduc ing  r e s i d e n t i a l  and b u i l d i n g  energy r e q u i r e -  
ments, t he  t o t a l  annual energy consumption can be reduced s i g n i f i c a n t l y .  
Tqe d p p l i c a t i o n  o f  wind energy t o  r e s i d e n t i a l  hea t i ng  can be advantageous 
s ince  t he  g r e a t e s t  wind resource i s  g e n e r a l l y  d u r i n g  t h e  l a t e  autumn, 
w i n t e r  and s p r i n g  rr~onths i n  New England, a  t ime when t h e  h e a t i n g  l oad  
I S  t h e  g r e a t e s t .  T h i s  i s  g r a p h i c a l l y  represented i n  F igu re  1.1.  
Farms, by v i r t u e  o f  t h e i r  l o c a t i o n  i n  areas o f  sparse popu la t i on ,  
a re  a l s o  an a p p l i c a t i o n  f o r  wind energy t h a t  should be redeveloped. 
Before r u r a l  e l e c t r i f i c a t i o n  p r o j e c t s ,  farms i n  t h e  U.S. r e l i e d  h e a v i l y  
on wind energy t o  m i l 1  g r a i n  and pump water.  Wi th  t h e  advent o f  inexpens ive  
e l e c t r i c a l  and pet ro leum energy, windmi 1  I s  were phased ou t .  Wind t o  
e l e c t r i c a l  energy convers ion,  if p r o p e r l y  developed, c o u l d  supply  energy 
t o  r u n  appl iances,  m i l k i n g  machines, t o o l s ,  e t c .  and l i b e r a t e  r u r a l  farms 
from e l e c t r i c a l  u t i l i t y  l i n e s ,  thus sav ing  t h e  very  expensive cos t s  o f  
runn ing  t r ansm iss ion  l i n e s  t o  a r u r a l  s e t t i n g .  
Fo r tuna te l y ,  as shown i n  F igu re l . 2 , t he  Un i t ed  S ta tes  i s  b lessed w i t h  
a  huge wind resource i n  va r i ous  p o r t i o n s  o f  t h e  coun t r y  [4]. S ince most 
o f  the Northeast ,  Northwest and t h e  P l a i n s  r e g i o n  l i e  i n  areas where t h e  
average annual wind resource a t  a  r e l a t i v e l y  low h e i g h t  i s  125 wa t t s  pe r  
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square meter  o r  g r e a t e r ,  i n v e s t i g a t i o n s  a t  t h e  U n i v e r s i t y  o f  Massachusetts 
suggest t h a t  these a r e  v i a b l e  wind use areas.  
Wind energy,  a l o n g  w i t h  o t h e r  fo r r i~s  o f  s o l a r  energy,  due t o  i t s  
v a r i a b l e  i n t e n s i t y  must be s t o r e d  t o  i n s u r e  d i s t r i b u t i o n  t o  r e s i d e n t i a l  
and f.iri11 energy loads as i t  i s  r rc ju i r r td .  L l n f o r t u n a t e l y ,  t h e  e l e c t r i c a l  , 
d o n ~ e s t i c  h o t  wtt ter  and space heat. ir l \ j  loads o f  a t y p i c a l  New England 
res idence  or. farm a r e  a l s o  v a r i a b l e .  Thus, drly w e l l  des igned wind enerqy 
s  t o r a y e  and d i s t r i b u t i o n  system 111ust c o n s i d e r  t h e  v a r i a b i  1  i t y  o f  t t i e  
energy i n p u t s  and o u t p u t s  f o r  t h e  111ost e f - f i c i e n t  des ign .  Thern~odynaniical l y ,  
t h e  ~ i i o s t  e f f i c i e n t  energy use i s  p o s s i b l e  when h i g h  grade energy,  such 
as e l e c t r i c i t y ,  i s  used f o r  a  h i g h  grade a p p l i c a t i o n ,  such as t h e  
e l e c t r i c a l  l oad ,  and s i m i l a r l y ,  when l o w  grade energy,  such as waste 
heat ,  i s  used f o r  a low grade a p p l i c a t i o n  , such as space h e a t i n g .  
Wi th  these c o n s i d e r a t i o n s  i n  mind, as a  p a r t  o f  on-yo iny  work i n  
t t i e  trie~.gy A1 t e r n a t i v e  Prograrr~ a t  t h e  U n i v e r s i t y  o f  Massachusetts,  S o l a r  
H a b i t a t  1 .  t h e  wind furnace was designed and p u t  i n t o  o p e r a t i o n  [5-81. 
As a  l o g i c a l  e x t e n s i o n  o f  t h i s  program and t o  e x p l o i t  t h e  system more 
e f f i c i e n t l y  i n  a  thermodynamic sense, t h r e e  advanced wind f u r n a c e  concepts  
a r e  cons ide red  i n  t h i s  work. These t h r e e  concepts  a r e  t h e  Improved Wind 
Furnace System (IWFS) and two Wind D r i v e n  T o t a l  Energy Systems (WDTES) 
a17 of  which a r e  designed f o r  r e s i d e n t i a l  o r  f a r m  a p p l i c a t i o n s .  
C H A P T E R  I 1  
DCSCRIPTION - . - - - - OF .- - SYSTEM - - - - - - CONFIGURATIONS -- - - 
I n  t he  f c l l o w i n g  sec t i ons ,  a  d e s c r i p t i o n  o f  t h e  proposed advanced wind 
eqcrqy systemr, and t h e i r  niode o f  ope ra t i ona l  l o g i c  i s  prov ided.  S ince t h e  
</s tems s t u d i e d  a r e  q u i t e  complex, t h e  e f f e c t s  o f  a l l  system parameters cap- 
ab le  of  be ing  v a r i e d  i n  t h e  d i g i t a l  computer s i m u l a t i o n  c o u l d  n o t  3e s t u d i e d  
due t o  t ~ m e  and computer useage r e s t r a i n t s .  Instead,  key system v a r i a b l e s  
were : d e n t i f i e d  a n d  v a r i e d  t o  g i v e  i n s i g h t  i n t o  system performance. These 
key v a r i a b l e s  a re :  1 )  t he  h i g h  temperature s to rage  (HTS) tank  capac i t y ,  
2 )  t he  h e a t i n g  load,  3) t he  e l e c t r i c a l  load ,  4 )  Rankine Cyc le  e f f i c i e n c y ,  
aud, f o r  t he  Irnproved Wind Furnace System, 5 )  t he  low temperature s to rage  
;I.TS) tank capac i t y .  A l though wind t u r b i n e  genera to r  (WTG) b lade  d iameter  
1 s a1 so a key system v a r i a b l e  and WDTESl a1 lows t h e  cho ice  o f  s i x  h l ade  
d ~ a m e t e r  s i z e s  rang ing  f rom 20 t o  40 f e e t ,  o n l y  t h e  40 ft. s i z e  wind machine 
was c o n s ~ d e r e d .  I t  i s  b e l i e v e d  t h a t  a  s i n g l e  40 f t .  WTG i s  a  s i z e  w e l l  s u i t e d  
so match t ne  laads under c o n s i d e r a t i o n  and, w i t h  i t s  25 kw generator ,  
represen ts  t h e  l a r g e s t  s i z e d  reasonably  p r i c e d  ( i f  mass produced) u n i t  f o r  
a rarm o r  res idence.  (Fu tu re  work may cons ider  mu1 t i p l e  a r r a y s  o f  40 ft. WTG's) 
2.1 The - - - - Impy_oved - - Wind Furnace System (IWFS) 
T9e f ~ r s t  advanced wind fu rnace  system considered was t h e  Improved Wind 
furnace System (IWFS) . The Improved Wind Furnace, shown schemat ica l l y ,  i n  
F igu re  2.7 ~ n c l u d e s  these subsystems: 
a )  A 40 ft. diameter  p i t c h  c o n t r o l l e d ,  h o r i z o n t a l  a x i s ,  ~ i n d  
t u r b i  nr? generator .  
b )  A s e n s i b l e  thermal energy s to raqe  tank,  u s i n g  wate r  as an 
enerqy s to rage  medium. 
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c )  An e l e c t r i c i t y  power condi  t i o n e r  and u t i  1  i t y  i n t e r f a c e r .  
N ~ n d  t . u rb~n i>  e l e c t r i c i t y  would be fed through t h i s  u n i t  t o  s a t r s f y ,  
with t h e  he lp  o f  u t ~ l i t y  power, t he  e l e c t r i c a l  load .  I n  t h e  case o f  
su rp lus  wind qenerated e l e c t r i c i t y ,  the  excess would be channeled i n t o  
the thermal s torage.  The technology f o r  those u n i t s  has a l r eady  been 
PS tab1 i shed [ 9 ] .  
d )  The s w i t c h i n g  l o g i c  and c o n t r o l s  t o  f a c i l i t a t e  t h e  3bove 
d ~ e r ~ i  t i o n s .  
A nlorp d e t a i l e d  scherilatic o f  t h e  IWFS i s  g i ven  i n  F i g u r e  2.2. A 
i l esc t . ip t ion  c f  i t s  con~ponents, o p e r a t i o n  and proposed c o n t r o l  f o l  I ows. 
1 .  Wind t u r b i n e  genera to r ,  A, d e l i v e r s  t h ree  phase AC 
c u r r e n t  a t  7 whenever wind i s  above genera to r  c u t  i n  speed. A i s  con- 
t r o l  led  c o n s t a n t l y  i n  p i t c h  t o  opt in iun~ t ip -speed r a t i o ,  o r  f u r l e d  i n  
dangerously h i g h  winds. A i s  a l s o  p r o t e c t e d  from s t a l l i n g  by a f i e l d  
zantr-31 l e r .  
2. Cornponent C represen ts  t h e  connected 120/140 v o l t ,  s i n g l e  
pnase 60 117 e l e c t r i c a l  load  which f o l l o w s  a d a i l y  r e s i d e n t i a l  o r  farm 
der!;dnk! p a t t e r n .  When A has power t o  de l  i v e r  t o  t h e  demand a t  C, 
s w i  tct;?ns l o g i c ,  K, w i l l  a l l o w  power c o n d i t i o n e r ,  B, t o  p r o v i d e  as 
, i ~uch  o f  t he  demand as A i s  capable o f  supp ly ing .  Should t h e  demand a t  C 
be q r e a t e r  than t h a t  supp l i ed  a t  A, u t i l i t y  AC supply,  N, w i l l  be used 
iu s u ~ p l y  t he  balance. I f  t h e  demand a t  C i s  l e s s  than  t h e  supply  a t  
1, K \ ? i l l  send the d i f f e r e n c e  t o  t h e  sens ib l e  thermal energy s torage,  E, 
through s to rage  tank r e s i s t a n c e  heaters ,  D. 
3. Component G represen ts  t he  space h e a t i n g  load.  I f  t h e  
r,tlermostat a t  (; r e q u i r e s  heat,  heat  i s  t r a n s f e r r e d  f rom s to rage  tanl< E 
A U X l  L l  A R Y  
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t.nrough heat  exchanger F t o  t h e  load .  I f  t h e  temperature a t  5 i s  t o o  
low f o r  hea t  d e l i v e r y  i n  s u f f i c i e n t  q u a n t i t i e s ,  a u x i l i a r y  energy supp ly ,  
L . supp l i es  tt;e balance. 
4. Component I represen ts  t h e  domestic h o t  water  load.  If I  
r e q u i r e s  h o t  water and t he  temperature a t  E i s  g r e a t e r  than  t h e  h o t  water  
d e l i v e r y  t e ~ p e r a t u r e ,  140°F, energy i s  supp l i ed  through hea t  exchanger H. 
; I  the  temperature a t  E i s  l e s s  than  t h e  d e l i v e r y  temperature and I r e -  
. ~ u i r e s  h o t  w a t e r ,  t he  water  i s  preheated through hea t  exchanger H and 
sux i  l i a r y  energy supply ,  M, suppl i e s  t h e  balance. 
5 .  I f  t h e  temperature a t  E i s  near  t h e  b o i l i n g  temperature (20O0F), 
and t h e  energy i n p u t  a t  3 i s  g r e a t e r  than t h e  loads a t  5 and 6, t h e  b lades 
a t  A a r e  c o n t r o l l e d  t o  a l l o w  t h e  energy a t  3 t o  be equal t o  t h e  loads  a t  
5 and 6 t o  p reven t  b o i l i n g  o f  t h e  s to rage  medium. 
The ma jo r  advantage o f  t h e  Improved Wind Furnace System i s  i t s  
r e l a t i v e l y  low c o s t  and s i m p l i c i t y  when compared t o  t h e  o t h e r  wind genera to r  
systems. b: i in the IWFS, energy s to rage  must be l a r g e  enough t o  i n s u r e  
that  t h e  wind t u r b i n e  w i l l  n o t  have t o  be fea thered  and t h a t  t h e  tem- 
~era tur -e  o f  t h e  s to rage  m a t e r i a l  w i l l  be h i g h  enough t o  supp ly  energy t o  t h e  
t hema :  loads .  A lso,  w i t h  t h e  IWFS, a l l  e l e c t r i c i t y  which i s  n o t  supp l i ed  
a i r e c t l y  f rom the wind genera to r  must be s u p p l i e d  by t h e  u t i l i t y .  S ince 
e ; c : c t r i c i t y  i s  by f a r  the  most expensive fo rm o f  energy, i t  i s  impe ra t i ve  
t z  k e e ~  t h i s  u t i l i t y  e l e c t r i c i t y  demand low. 
2 . 2  The Wind D r i ven  -- Tota l  Energy System, Tfle I (WDTES, Type I_L 
The second advanced wind furnace system considered was t h e  Wind 
D r i ven  T o t a l  Energy System, Type I ,  which f e a t u r e s  a d i r e c t  w ind  energy 
i ? p ~ t  o  a h i g h  temperature s to rage  m a t e r i a l .  The WDTES, Type I model, 
:,tlowr~ \ ~ . t \ e ~ l ~ d t i c a  1 l y  i n  r i  gure 2.  3 i n c l  ut l~: ;  t.l~cr,,t s u h s y s t e ~ ~ ~ s :  
a )  A 4 0  f t .  dianreter,  p i  l.c.tr i o n t r o l  l e d ,  h u r i z o n t a l  axi:, W,G. 
) A low t e~ r~pe ra  turt .  t t i t ! r . ~~~d  I si l . ~ t . d c ] ~  tank (LTS)  trs~itrg watt3t- 
as .I  s to rage  n ~ a t e r i a l ,  fro111 which spar.(. I i ea t i nq  i s  supp l i ed .  
c )  A h i gh  temperature thcrrrial s to raqe  tank  (HTS), which u:es 
sod iu~n  hydrox ide  (NaOH) , a  phase change m a t e r i a l ,  f o r  energy s to rage .  
 fro!?^ t h i s  tank,  domest ic h o t  wa te r  i s  supp l i ed ,  as w e l l  as heat  f o r  ?:he 
Rankine Cyc le  power p l a n t .  
d )  A Rankine Cyc le  power system. Th i s  component erilploys a 
d r y i r i g  f l u i d ,  to luene ,  as a  work ing  f l u i d .  The hea t  source f o r  t h i s  
heat  enqine i s  t he  HTS and t h e  hea t  sink i s  t h e  LTS.  V ia  t he  t u r b i n e  
shal ' t  and an a l t e r n a t o r ,  t h e  energy produced i s  conver ted  t o  e l e c t r i c i t y  
t o  s a t i s f y  t h e  e l e c t r i c a l  l oad .  
e )  The u t i l i t y  i n t e r f a c e r .  E l e c t r i c a l  energy, n o t  s u p p l i e d  t o  
t he  s l e c t r i c a l  l oad  by  t h e  Rankine Cyc le  power sys te i~ i  would be supp l i ed ,  
tb rough  t h i s  u n i t ,  by t h e  u t i  1  i t y .  
f )  The s w i t c h i n g  l o g i c  and c o n t r o l s  t o  f a c i l i t a t e  t h e  above 
ope ra t i ons .  
A niore d e t a i l e d  schematic o f  t h e  WDTES Type I system i s  shown i n  
F i gu re  2.4.  A d e s c r i p t i o n  o f  i t s  components, t h e i r  o p e r a t i o n  and c o n t r o l s  
f o l l o w s .  
1 .  d i n d  t u r b i n e  genera to r ,  A, d e l i v e r s  t h r e e  phase AC 
c u r r e n t  a t  1 whenever wind i s  above t h e  genera to r  c u t  i n  speed. A i s  
c o n t r o l l e d  c o n s t a n t l y  i n  p i t c h  t o  optimum t i p - speed  r a t i o  o r  f u r l e d  i n  
dangerous ly  h i gh  winds. A i s  a l s o  p r o t e c t e d  frorr. s t a l l i n g  by a  f i e l d  
c o n t r o l l e r .  
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2 ,  Conlponent B represen ts  the  sodium hydrox ide  h i g h  temperature 
t he r !~ i a l  s torage.  When A has power t o  d e l i v e r  arld t he  tel i iperature a t  TH 
i j l + ~ i s  than t he  c r i t i c a l  va lue  ( S O O ~ F ) ,  s w i t c h i n g  l o g i c ,  C,  a l l ows  t he  
t : lectr ical  energy t o  f l o w  through r e s i s t a n c e  hea te r ,  D, immersed i n  t h e  
t a n k  
3 .  Component G i s  the  connected 120/140 v o l t  s i n g l e  phase, 60 Hz 
, : l ec t r i ca f  l oad  which f o l l o w s  a  d a i l y  r e s i d e n t i a l  o r  fa rm demand o a t t e r n .  
kinen e l e c t r i c i t y  i s  r e q u i r e d  by G and TH i s  above t h e  minimum Rankine 
( : y c l ~  ope ra t i on  temperature (~oo 'F ) ,  Ranki ne Power Cycle, E, i s  a c t i v a t e d  
cind the  power ou tpu t  a t  5 goes through a l t e r n a t o r ,  F, t o  supply  power t o  
i d .  I f  TH i s  l ess  than  t h e  minimum RC o p e r a t i o n  temperature and e l e c t r i c i t y  
i s  r e q u i r e d  by  G ,  e l e c t r i c i t y  i s  supp l i ed  v i a  t h e  u t i l i t y  AC supply ,  S. 
4. The Rankine Power Cyc le  i s  represen ted  by component E i n  
F igu re  2.1;. The c l osed  Rankine Cycle,  which d r i v e s  a l t e r n a t o r ,  F, d e r i v e s  
i t s  heat  from h i g h  temperature thermal s torage,  0 ,  through hea t  exchanger, 
Ci. Heat 1 s  r e j e c t e d  i n t o  t he  low temperature thermal  s to rage  K, th rough  
he3 t  t?xchanger, P .  When power i s  r equ i red ,  s w i t c h i n g  l o g i c ,  C, opens 
vn ive  V t o  a '  low E t o  opera te .  The amount o f  work ing  f l u i d  pass ing  1 
t ? r o u ~ ; h  heat  exchanger ti w i l l  be c o n t r o l l e d  by C, s e t t i n g  v a l v e  V1, such 
t:13: :,he power ou tpu t  o f  F matches t h e  demand a t  G. 
5 ,  Component K i s  t h e  low temperature thermal s to rage  (LTS) 
@~!i- ich i r t j i i z e s  water  as an energy s to rage  medium. When energy i s  a v a i l -  
able  a t  1 ,  but the temperature a t  TH i s  g r e a t e r  than  o r  equal t o  t h e  
i l . - i t i c d l  v a i b e ,  s w i t c h i n g  l o g i c ,  C ,  a l l ows  t he  excess energy produced a t  
A ,  t o  pass ~ h r o u g h  r e s i s t a n c e  heater ,  0, immersed i n  t he  LTS. I f  the  
temperature a t  TL i s  near  t h e  b o i l i n g  temperature o f  2 0 0 ' ~  o r  g rea te r ,  a  
-, I I I~I~ 1 01111111, w l l  t i  c of i t  t ' o l  l ( \ d  I)y ',wi l t ti I I I ~ J  I tv11( (:, cl l low!, 1 1 1 ~  a , tu~ ' i~ ( l ( \  
111, l l  eri;i I to  f low th~ 'out ]h  a i  r coolc(l I~c~;r l ( 'kt l i c~ t lc lc r .  ( 1 .  tt~c>r.oL)v ~)r.c~vt.nl i II(I 
b o i l i n g .  I f  energy  i s  a v a i l a b l e  a t  1 and Ttl and TL aye g t  t h e i r  c r ~ t i c d l  
v a l u e s  ( 8 0 0 O ~  and 2 0 0 ' ~  r e s p e c t i v e l y ) ,  t he  b l a d e s  a t  A a r e  c o n t r o l l e d  t o  
a l l o w  o n l y  enough energy  t o  f l o w  t h r o u g h  C t o  keep t h e  s t o r a g e  tanks  a t  
t n e s e  c r i  t i c d l  t empera tu re  v a l u e s .  
G .  The domes t i c  h o t  w a t e r  1  a d d  i s  r e p r e s e n t e d  by  coniponert J . 
A sma l l  purnp a l l o w s  t h e  i n l e t  w a t e r  from a main  t o  pass t h r o u g h  heat  
exchanger,  I, s i t u a t e d  i n  t h e  h i g h  tempera tu re  t h e r m a l  s t o r a g e ,  0 .  I f  t h e  
o u t l e t  t empera tu re  f r o m  I i s  l e s s  t h a n  t h e  h o t  w a t e r  d e l i v e r y  tempera tu re  
( 1 4 0 ' ~ )  a t  7, a u x i l i a r y  ene rgy  s u p p l y ,  M, i s  a c t i v a t e d  t o  h e a t  t h e  w a t e r  
t o  t h e  d e l i v e r y  tempera tu re .  
7.  Component L i s  t h e  space h e a t i n g  l o a d .  A s m a l l  pilinp a l l o w s  
w a t e r  fro111 t h e  the rma l  s t o r a g e  t a n k  t o  pass t h r o u g h  baseboard h e a t e r s ,  R .  
1' t h e  tempera tu re  a t  9 i s  t o o  l o w  t o  s a t i s f y  t i f a t i n g  l o a d ,  L,  a u x i l i a r y  
energy  s g p p l j  , N, i 5  a c t i v a t e d  t o  supp i  y the  rema inder .  
The ~ i i a i i l  advantage o f  WDTES Type I ,  when coinpared t o  t h e  IWFS l s  
tilt s r ~ d l l  amount o f  e l e c t r i c i t y  wh ich  has t o  be s u p p l i e d  by  t h e  u t i l i t y  t o  
tp;t e l  e c t r i c a i  l o a d .  By m i n i m i z i n g  u t i l i t y  s u p p l i e d  e l e c t r i c i t y ,  t h e  
vos t  e x ~ e n s i v e  a u x i l i a r y  ene rgy  r e q u i r e m e n t  o f  t h e  sys tem can  be elim- 
i n a t e d ,  p r o v i d e d  t h a t  t h e  space h e a t i n g  and domes t i c  h o t  w a t e r  a u x i l i a r y  
energy  s u p p l i e s  a r e  n o t  e l e c t r i c .  T h i s  l e a v e s  open t h e  p o s s i b i l i t v ,  
ment ioned e a r l i e r ,  t h a t  t h i s  sys tem can be l e f t  i ndependen t  o f  t r a n s -  
r i s s i o r  l i n e s .  
The b a s i c  d i sadvan tage  o f  t h i s  sys tem i s  t h a t  t h e  e l e c t r i c i t y  p r o -  
duced by  t h e  w i n d  g e n e r a t o r  i s  n o t  u t i l i z e d ,  t he rmodynamica l l y ,  i n  t h e  
b e s t  manner p o s s i b l e .  Losses o c c u r  i n  t h e  c o n v e r s i o n  o f  e l e c t r i c a l  
cnergy t o  heat energy and back aga in  t o  e l e c t r i c a l  energy. A concep tua l l y  
nrore e f f  c i e n t  system c o u l d  be designed which e l i m i n a t e s  t h i s  e l e c t r i c i t y  
t c - )  h e a t  :o e l e c t r i c i t y  energy convers ibn  l o s s .  Th is  i s  t h e  bas i s  f o r  
t h e  W~nd 9rid.n To ta l  Energy Type I1 System. 
2.3  -- The ----- Wind Dr iven  To ta l  Energy System, Type I 1  (WDTES, Type ZI) 
The f i n a ' i  advanced wind furnace 5ystem considered was t h e  Wind D r i ven  
T o t a l  Energy System, Type 11, which f ea tu res  a system by which e l e c t r i c a l  
energy produced by t he  wind genera to r  i s  supp l i ed  t o  t h e  e l e c t r i c a l  l oad  
a s  ti top  p r i o r i t y  and t h e  excess i s  supp l i ed  t o  t h e  h i g h  temperatupe 
storacje m a t e r ~ a l  [10] .  The WDTES Type I 1  system shown schema t i ca l l y  i n  
r i g u r t !  2.5, u t i l i z e s  these subsystems: 
a j  A 40 f t .  diameter,  p i t c h e d  c o n t r o l l e d ,  h o r i z o n t a l  a x - s ,  
w~ rld genera to r .  
9 )  A l o w  teniperature thermal s to rage  tank w i t h  water  as a 
:;torace medium, f rom which space hea t i ng  i s  supp l i ed .  
c 1 4 h i g h  temperature thermal s to rage  tank  which uses t t -e 
~ h a s e  cha~.iije m a t e r i a l ,  sodium hydrox ide,  f o r  energy s torage.  Th is  tank 
? s  u t s l f z e d  f o r  t he  supply  o f  domestic ho t  water  as w e l l  as a heat  
;obrce f o r  xhe Rankine Cyc le  hea t  engine. 
d ;  A Rankine Cycle Power System. Th i s  subsystem uses t o l uene  
d.5 a w,,rklng f ' l u i d  and r e j e c t s  heat  i n t o  t h e  low temperature thermal  
s t . x -age  t a n k .  By way of  t h e  t u r b i n e  sha f t  and an a l t e r n a t o r ,  t h e  eqergy 
i ! r od~ced  i s  conver ted i n t o  e l e c t r i c i t y  t o  s a t i s f y  t h e  e l e c t r i c a l  load.  
e )  The u t i l i t y  i n t e r f a c e r .  E l e c t r i c a l  energy, n o t  supp l i ed  t o  
t . h e  e i ~ ? c t r i c a l  oad  by t h e  Rankine Cyc le  o r  by t h e  wind genera to r  d i r e c t l y ,  
i s  supp l ied ,  tF.rough t h i s  u n i t  by t he  u t i l i t y .  
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f) The necessary s w i t c h i n g  l o g i c  arid c o n t r o l s .  
4 rrlut-<l d e t a i l e d  scherllatic f o r  WDTES I 1  i s  g i ven  i n  F i g u r e  2.6. A 
i!t.szr i p t  i o n  a" t h e  components, i t s  o p e r a t i o n  and t h e  proposed c o n t r o l  s 
?:I -1 1 OL* . 
1 .  Wind t u r b i n e  genera to r ,  A, d e l i v e r s  t h r e e  phase AC c l l r r e n t  
3:. ' whenever wind speed i s  above t he  generator  c u t  i n  speed. A i:; con- 
t ? - o l l c d  c o n s t a n t l y  i n  p i t c h  t o  optimun? t i p - speed  r a t i o  o r  f u r l e d  irl 
. i i~n~~erouc , l  y i i - ~ g h  winds. A i s  p ro tec ted  f rom s t a l l i n g  by a  f i e l d  c o n t r o l l e r .  
. The e 7 e c t r i c a l  l o a d  i s  represented by component G. l h i s  
I C  :j I . Z D / i l G  v97.t ,  s i n g l e  phase, 60 I lz e l e c t r ~ i c i l  l oad  which f o l l o w s  a 
d a i l y  r e s . ~ d e n t i a l  o r  farm demand p a t t e r n .  Whenever A has power t o  
. I E ~  i v e r  and t.> ,;bows a demand, s w i t c h i n g  l o g i c ,  C ,  w i l l  a l l o w  power con- 
t l i t i o n p r ,  5 ,  t o  supply  as much o f  t h e  demand as poss ib l e .  I f  t h e  demand 
a t  2 i.; less  than t h e  a v a i l a b l e  energy a t  1, C w i l l  s a t i s f y  t h e  demand a t  
.% , ~ n d  ol lo tv  t h e  remainder o f  t h e  energy t o  pass t o  t h e  h i g h  temperature 
t r : t . ?ma s t c r a g e ,  19. If, i n  t h i s  case, B i s  a t  i t s  c r i t i c a l  va lue  oz  800°F 
:r* h i  g t : ~ r ,  C ,  v " i 1 1  pass t he  energy t o  low temperature thermal s to rage  tank,  
:; , t t j r o i ~ g h  r e s i s t a n c e  hea te r ,  0. 
3 .  Coinponent B represen ts  the  sotlium hydrox ide  h i g h  temperature 
c q e r ~ a - i  s to rage .  When A has s a t i s f i e d  t h e  e l e c t r i c a l  load, and TH i s  l e s s  
t r i a n  i t s  c r i  cic.31 value, s w i t c h i n g  l o g i c ,  C, a l l ows  t h e  e l e c t r i c a l  energy 
t c j  f l o w  through r e s i s t a n c e  hea te r ,  D, immersed i n  t h e  tank.  
4. The Rankine Power Cycle i s  represented by component E. 

Toe c losed  Rankine Cycle,  which d r i v e s  a l t e r n a t o r ,  F, uses B as a  hea t  
;3urce and H a s  i t s  h o t  s i d e  heat  exchanger. Heat i s  r e j e c t e d  i n t o  t h e  
i ~ w  lemperature thermal s torage,  K, through heat  exchanger, P. When 
;lowet- i s r e r j c i  r ed  from E, s w i t c h i n g  l o g i c ,  I., opens v a l v e  V, , a1 l ow ing  t h e  
w o r k i n g  f l u i d  t o  f l o w  and E t o  operate.  The amount o f  work ing f l u i d  
l i a s s lnq  ~ n r o u g h  H ir.ill be c o n t r o l  l e d  by C, s e t t i n g  va l ve  V 1  such t h a t  
t ! : ~  power o u t  o f  F matches t h e  p a r t  o f  the demand a t  G which i s  n c t  
5a : i s f i ed  v i a  A.  
5.  Component K i s  t he  low temperature,  sens ib l e ,  thermal  
.;torage, which uses wate r  as an energy s to rage  m a t e r i a l .  When energy i s  
a v a i i a b l e  a t  ' ,  b u t  t h e  temperature a t  TH i s  g r e a t e r  than o r  equal t o  i t s  
c r i t i c a l  value, s w i t c h i n g  l o g i c ,  C ,  channels t h e  excess e l e c t r i c a l  energy 
through r e s i s t a n c e  hea te r ,  0, immersed i n  t h e  LTS. I f  t h e  tempera'ure, 
i :  , o f  iC i s  near  t h e  b o i l i n g  temperature 2 0 0 ' ~  o r  g rea te r ,  a sma.11 pump, 
:oti trcl led cy C, a l l ows  t h e  s to rage  m a t e r i a l  t o  f l o w  th rough 0, an a i r  
::c.olec h e a t  exchanger, p r e v e n t i n g  boiling. I f  energy i s  a v a i l a b l e  a t  1 
l r i a  Tk and TL 3re a t  t h e i r  c r i t i c a l  va lues,  t h e  b lades a t  A a re  c o ~ t r o l l e d  
:o a l l o w  oti;.y. ?nough energy t o  f l o w  th rough C t o  keep t he  s to rage  tanks  
':i t w s e  temoecatures, w i t h  B g i ven  f i r s t  p r i o r i t y .  
t .  --he domest ic h o t  wa te r  l oad  i s  represented by compone~t  J .  
r sin?; i ?umV a -  lows t h e  i n l e t  water  f rom a  main t o  pass through heat  ex- 
r n:~nqe!-, i , s i i.ua t ed  i n  t h e  h i g h  temperature thermal s torage,  B. I " t h e  
o l i c i c t  t empera twe  f rom I i s  l e s s  than t h e  h o t  water  d e l i v e r y  temperature 
-i i cC''c \. 7 ,  a u x i l i a r y  energy supp ly ,  M, i s  a l l owed  hea t  t h e  wate r  t o  
thc de 1 i very temperature . 
7 .  Component L i s  t h e  space h e a t i n g  load .  A smal l  pump 
a l l o w s  wate r  fro111 t h e  ther i l la l  s t o rage  titnk t o  pass th rough  baseboard 
hea te rs ,  R .  I f  t h e  ten iperature a t  9 i s  t o o  l o w  t o  s a t i s f y  L, a u x i l i a r y  
energy supply ,  N, i s  d c t i v a t e d  t o  supp ly  t h e  remainder  o f  t h e  space 
h e a t i n g .  
The advantage o f  t h e  WDTES Type 11, compared t o  t h e  IWFS and t h e  
WDTES Type I ,  i s  t h a t  t h i s  system r e q u i r e s  t h e  minimum amount o f  u t i l i t y  
e l e c t r i c i t y  and t h e  minimum t o t a l  a u x i l i a r y  energy o f  a l l  t h e  systems. 
Thermodynamically, due t o  e f f i c i e n t  energy use and t h e  l e a s t  amount o f  
energy convers ion,  t h i s  shou ld  be t h e  jys tem l e a s t  was te fu l  i n  energy 
use. Un fo r t una te l y ,  t h i s  h i g h  e f f i c i e n c y  must be coupled w i t h  f a v o r a b l e  
economics t o  make t h e  system p r a c t i c a l .  The concept  w i l l  be cons idered  
i n  l a t e r  chap te rs .  
DESCRIPTION OF SUBSYSTEMS AND MODELS 
.- -. . - - -- - - - 
Ird t h i s  chaoter ,  analyses o f  t h e  i v p o r t a n t  subsystems and models 
r e l a t e d  t o  t h e  t n r e e  advanced wind furnace systems a r e  performed. Sub- 
s ~ s t e m s  p r ~ v i o u s l y  i n v e s t i g a t e d  by D a r k a z a l l i  [ I l l ,  which a r e  i n  
COiru'ilcrl U ?  ti7 h i s  work, a r e  d e a l t  w i  :h b r i e f l y ,  w h i l e  t h e  subsys terns 
eitclus;ve t o  t he  advanced wind fu rnace  systems a r e  t r e a t e d  i n  g r e a t e r  
d - . t a ~ ' .  The govern ing equat ions and t h e i r  limitations w i l l  be shown, 
w ~ i  l p  the mathematical  s i m u l a t i o n  f o r  each subsystem w i l l  be p rov ided  
11: Ct.+ptt?t' IV. 
? ?  
, . r  The Wind Turb ine  Generator 
-
The wind t u r b i n e  genera to r  envisaged f o r  use w i t h  t h e  advanced 
w 7 n d  furnace systems which was designed [12,13] a t  t h e  U n i v e r s i t y  o f  
Massacnusetts, i s  40 f t .  d iameter ,  t h r e e  bladed, h o r i z o n t a l  a x i s  wind 
t ~ r b i n c . ,  rllounted on a  60 f t .  tower, which i s  coupled w i t h  a  25 kw 
g t : l e r .~ i t o r .  Wi th  t he  use o f  wind speed data,  measured a t  nearby 
3 r d d i e - /  i n t e rna t i ' ona l  A i r p o r t  u s i n g  an anemometer a t  10 me te r / be igh t ,  
t h e  expec ted  e l e c t r i c a l  o u t p u t  from the  genera to r  i s  approx imate ly  40,000 
kW7 per vef l r .  Th i s  i s  r ough l y  e q u i v a l e n t  t o  t h e  y e a r l y  t o t a l  energy 
r e ~ u i r e n ~ e n . : ~  f o r  a home i n  t h e  New England area. 
:he power ou tpu t  of t h e  40 ft. wind t u r b i n e  genera to r  cons idered,  
~ n t i  a l s o  t he  Z C ,  25, 30, 32.5 and 35 ft. wind machines which t h e  main 
: j i r i u l a t i ~ r i  program, InlDTES1, i s  capable o f  ana l yz i ng  i s  g i ven  i n  
i r e  3 .  T h i s  s e t  of performance curves i s  g i ven  as a  f u n c t i o n  o f  
Figure 3.1. Wind Generator Performance Curves. 
wind :,peed f o r  the  v a r i o u s  blade dianteters.  These curves were qener- 
t t e d  u s i l l g  t h r e e  a n a l y t i c a l  prsgranis which cons idered b lade  element 
:heoisy and t h e  wind genera to r ,  and a r e  the r e s u l t  o f  p rev ious  i n -  
v e s t i g a t . o n s  a t  t h e  U n i v e r s i t y  o f  Massachusetts [13] .  
To conve r t  t h e  wind da ta  f rom i t s  : O  meter  r e fe rence  h e i f l h t  t o  
:,he wind tower h e i g h t  o f  60 ft., Hel lman's  r e l a t i o n ,  which f o l l o w s ,  
vras eniplcyed. 
&here V i s  t h e  wind speed a t  t h e  tower h e i g h t ,  VI0 i s  t h e  wind speed T 
a t  10 rneters and HT i s  t h e  tower h e i g h t  i n  meters .  
3 .2  The H igh  Temperature -- Thermal Storage Subsystem 
The - i i gh  Temperature Thermal Storage (HTS) subsystem i s  t h e  key 
element i n  bo th  WDTES systems. By v i r t u e  of i t s  capac i t y ,  one i s  a b l e  
t~ c o n t r o l  t he  d i s t r i b u t i o n  of energy t o  t h e  va r i ous  energy loads.  
T i e  optimclm s i z e d  HTS i s  c r u c i a l  t o  t h e  Wind D r i ven  T o t a l  Energy 
S,rstel l l~,  An HTS which i s  t o o  l a r g e  w i l l  m a i n t a i n  a lower  temperature,  
t i ius  aecreas ing Rankine Cyc le  e f f i c i e n c y ,  w h i l e  an HTS t h a t  i s  t oo  
silall h i l ;  e x h i b i t  w i l d  temperature f l u c t u a t i o n s ,  i n h i b i t i n g  t q e  pe r -  
formance o f  t he  Rankine Cyc le  t u r b i n e .  The HTS used i n  t h e  WDTES 
Model i s  s i m i l a r  t o  t h e  heat  s to rage  u n i t  i n  t h e  "Therm-Bank" water  
hca te r  developed by Con~stock & Wescott, I n c .  [14], shown i n  F igu re  
3.2. Toe HTS, whose optimum s i z e  w i l l  be c a l c u l a t e d  i n  Chapters V and 
V I ,  c o n s i s t s  o f  a  non-cor ros ive  s t e e l  containment t ank  o f  c y l i ~ d r i c a i  
shape and 9 f  minimum su r face  area, a  h o t  water c o i l ,  a  r e s i s t a r c e  

ttedter f o r  e l e c t r i c a l  energy i n p u t  fro111 t h e  wind t u r b i n e  geneeator,  
. 5  f t .  c +  g lass  wool i n s u l a t i o n  (k=.O22 B tu /h r  f t  O F )  and a sodium 
tiydrg3~ide ( N ~ O E )  s torage meditrm. 
Scdium hydrox ide was chasen as a s to rage medium f o r  t h r e ~  reasons. 
F i r s t ,  : t  can be used t o  s t o r e  energy up t o  a r e l a t i v e l y  h i g h  temper- 
a t u r e  (900°F) and can be cooled and reheated w i t hou t  chemica17ty 
t r e a ~ i n q  down. Second, by v i r t u e  o f  i t s  f a i r l y  h i g h  s p e c i f i c  heat  
ii , 6157  Rtu/lbmoR up t o  560CF, Cp = .575 Btu/lbmOR f rom 5E0°F t o  
P 
600°1:, a n j  C = .5QO f rom 600°F t o  900°F) an3 i t s  two l a r g e  l a t e n t  P 
heat  ;!?a i e  changes, a  so l  i d  t o  s o l  i d  phase change a t  56Q°F which 
l i b e r a t e s  67 Btu/fbm and a s o l i d  t o  l i q u i d  phase change a t  600°F which 
r e l e ~ s e s  ; 'O Btu/lbm, i t  i s  capable o f  s t o r i n g  l a r g e  a~nounts o f  energy 
a: high temperature [15]. Th i s  i s  g r a p h i c a l l y  d i sp layed  i n  t h e  temper- 
a x r e  ent t la lpy graph, F igu re  3.3. (Note t h a t  s i nce  NaOH i s  incompres- 
1 = Since t h e  phase changes a r e  a t  a  h i g h  temperature, i f  
the propet Rsnkine Cycle working f l u i d  i s  se lec ted ,  a  h i g h  Rankine 
C,) c i e  e f f j c i e n c y  i s  poss ib le  due t o  the  ample t empera t t~ re  d i f f e r e n c e  
bc, tween t ne  h i g h  and low temperature thermal s to rage m a t e r i a l s -  F i n a l l y ,  
o t  g r e d t  i vpor tance,  a r e  t h e  poss ib le  e f f e c t s  o f  s t r a t i f i c a t i o r r  i n  t h e  
H1 i [ i j ] .  As shown i n  F igu re  3.2, the Rankine Cycle work ing f l u i d  
i n l e t  is a t  t h e  bottom of t h e  HTS. This,  a long  w i t h  d e n s i t y  cbanges 
i n  t h e  storage m a t e r i a l  and i t s  l a t e n t  heat ,  causes a wide temperature 
s t ca t?+ -?<a - : i on  i n  t h e  HTS. A t  t h e  i n l e t  and through t h e  f i r s t  s e c t i o n  
o f  the hea.: exchanger, t h e  work ing f l u i d  i s  preheated by t h e  p o r t i o n  o f  
the  tavk which i s  a t  t h e  lowest  temperature. As t h e  work ing f l u i d  
:rtivelc u z  the hea t  exchanger, a c o n t i n u a l l y  decreasing amount ~f heat  

I., t r - j n s f e r r e d  t o  i t  per u n i t  l e n q t h  due  t-o the  decreas ing t t t ~ ~ ~ p e r a t u r e  
<: i f fer t?nce between t h e  NaOH a n d  t h e  work ing f l u i d .  A lso,  as t h e  
t a n k  d ischarqes,  a phase f r o n t  forms which moves v e r t i c a l 1  y ~p t h e  
tank .  Th i s  has t h e  e f f e c t  o f  ~ n s u r i n g  t h a t  t h e  t o p  s e c t i o n  c f  t h e  
tank  w i l l  remain a t  a  h i g h  temperature f o r  l o n g  pe r i ods  o f  t i m e ,  and 
.in t u r n ,  w i l l  i n s u r e  t h a t  t h e  work ing f l u i d  o u t l e t  temperature and t h e  
3ank:r-1.. ~Iyc le  e f f i c i e n c y  a r e  h igh .  
Rr :su l t~  fro111 a det<i i Ied  co~~ lp t r t e r  s i ~ ~ i u l a t i o n  [16] showing the com- 
! ? i n a t i a n  o f  h i q h  f l u i d  o u t l e t  temperature and h i g h  thermodynamic 
o v a i l a b i i  i t y  a re  shown i n  F igu res  3.4 and 3 . 5  [16], f o r  a  100 and 250 
 allon on HTS r e s p e c t i v e l y .  A lso  shown i s  the  comparison o f  f l u i d  o u t l e t  
t.emperatures f o r  t h e  w e l l  mixed and s t r a t i f i e d  models as a  f u n c t i o n  o f  
t ime i n  F igu re  3.6. For t h i s  a n a l y s i s ,  a  s t r i p  method was used t o  
s in iu la te  d i f f e r e n t i a l  volumes o f  s torage m a t e r i a l  which y i e l d e d  energy 
t o  t h e  work ing f l u i d  through a t h i n  w a l l e d  heat  exchanger o f  f i n i t e  
s t i r face area. The two phase changes were cons idered as one a t  600°F 
a n d  bt!il t ,a1 ances were perforpied on t h e  d i f f e r e n t i a l  volumes o f  s t o rage  
mit ier.!a: dnd t h e  work ing  f l u i d .  Also, heat  conduc t ion  i n  t h e  v e r t i c a l  
d ! r ec ' i on  d 3 s  considered. Heat losses  from t h e  HTS, t h e  e f f e c t s  of 
n.,tura l convec t ion ,  and t h e  v a p o r i z a t i o n  o f  t he  work ing f l u i d  (vere 
e - - fec ts  t h a t  were neg lec ted  i n  t h a t  s i m u l a t i o n  [16]. 
1 thc ;ugh  t h e  e f f e c t s  o f  s t r a t i f i c a t i o n  a re  q u i t e  importan:, t hey  
w a r e  n o t  considered i n  t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  o f  these systems 
dt,e t~ the  p r o h i b i t i v e l y  l a r g e  amounts o f  computer t ime  f o r  such as 
s i r n u l a t i o n ,  and t h e  f a c t  t h a t  a more d e t a i l e d  a n a l y s i s  o f  t h e  F:ankine 
C y c 1  e subsystem would have been requ i red .  Ins tead ,  a we1 1 -mixed model, 


which rep resen t s  t h e  most c o n s e r v a t i v e  case, was used. I n  t h i s  model, 
heat  t r a n s f e r r e d  t o  t h e  work ing  f l u i d  i s  r e l eased  by t h e  t ank  as a  
whole and thus, t h e  i n t e r n a l  energy o f  t h e  whole t ank  decreases by t h i s  
amount and f o l l o w s  t h e  ten1peratur.e-enthalpy p l o t  i n  F i gu re  3.3. A 
conlparison between t h e  we1 1  -1nixeci and s t r a t i f i e d  niodels i s  shown 
g r a p h i c a l l y  i n  F i g u r e  3.6. I t  c+.n be i n f e r r e d  f rom t h i s  f i g u r e  t h a t  
f o r  a  d ischarge  t ime o f  up  t o  12  hours t h a t  t h e  100 g a l l o n  s t r a t i f i e d  
t ank  w i l l  a l l o w  an o u t l e t  temperz tu re  equal t o  o r  g r e a t e r  than  t h e  250 
ga l  1  on we1 1  -mi xed tank.  
I n  t h e  HTS rnode1,'the h o t  s i d e  hea t  exchanger f o r  t h e  Rankine 
Cyc le  i s  assumed t o  have a  50°F temperature d i f f e r e n c e  ac ross  i t .  
The domest ic h o t  wa te r  c o i l  i s  assumed t o  be a  c o n t r o l l e d  hea t  ex- 
changer which a l l o w s  t h e  wate r  t o  r i s e  t o  t h e  h o t  wa te r  d e l i v e r y  tem- 
p e r a t u r e  of 140°F i f  t h e  s to rage  m a t e r i a l  i s  a t  140°F o r  greater ,and 
t o  t h e  s to rage  temperature i f  i t  i s  l e s s  t han  140°F. 
The energy ba lance on a  c o n t r o l  vo lun~e  around t h e  t ank  f o l l o w s  and 
i s  based on t h e  schematic shown i n  F i g u r e  3.7.  The energy s t o r e d  i n  
the  tank  pe r  u n i t  t ime,  EHTS d  t , i s  g i v e n  by: 
where W A D D  i s  t h e  e l e c t r i c a l  power i n t p u t  f rom t h e  wind t u r b i n e  gen- 
e r a t o r ,  Q~ i s  t h e  r a t e  o f  energy added t o  t h e  work ing  f l u i d ,  iHW i s  
t h e  r a t e  of energy g i v e n  up t o  t h e  h o t  wa te r  load ,  Q 
HTSHL i s  t h e  r a t e  
o f  energy l o s t  by t h e  HTS which c o n t r i b u t e s  t o  t h e  home h e a t i n g  load ,  
QNTHL i s  t h e  r a t e  o f  energy l o s t  by t h e  HTS t h a t  occurs  when space 
h e a t i n g  i s  n o t  r e q u i r e d  ( t h i s  c o n t r i b u t e s  t o  t h e  coo1,ing l o a d )  and 
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1 - 1  GURE 3 . 7 .  C O N T R O L  VOLUME FOR THE H T S  
I , t t l T  t -d f  1 %  o f  eni.rcjy 1oqt t)y t ! i t '  11: S t hr-n:rcj!i the floor. t t t hc  
I l i  
1 ' I  1 ' .  I \ ~ i l ~ ? t ! !  i bl id i i c r t  f i t  ctl i r\cl t h t l  c()(:c~ t 1011 :
cerp r.ct. i 5 the w a l l  su r f ace  area ( ~ f  t t e  HTS. U i s  t h e  o fe ra1  i hea t  LW 
t r a n s f a r  c o e f f i c i e n t  f o r  t h e  w a l l s ,  TKTS  i s  t h e  temperature o f  t he  
5 icrds3;:: siediillr and T i s  i h e  tenipernture o f  t h e  sur round ings .  ULT i s  B 
t ne  ; . ~ ( ' r d l i  heat t r a n s f e r  cot?f . f ic ier l t  f a r  t h e  t o p  o f  t h e  t a n k .  and AT 
! ;  t t l l  j Y n a  of t h e  t o p  o f  t h e  tank.  U i s  c a l c u l a t e d  as ino  t h e  L W 
C ' I L I ~  r. i or; . 
w v r e  Fi., " 5  t he  i n s i d e  r ad ius  o f  t h e  HTS, R i s  t h e  r a d i u s  to the  edge 0 
o: tbc  Iq ! ,u la t ion,  k i n s  i s  t ho  thermal  c o n d u c t i v i t y  o f  t h e  i n s ~ l a t i o n  
3::? ?.. . s  t he  o u t s i d e  convec t i ve  hea t  t r a n s f e r  c o ~ f f i c i e n t .  T7e te rm 
w z c  i c u l a t e d  u s i n g  t h e  fol1~w;ng equa t i on  f rom Holnlan [ I 7  ':: 
W T E ~ ~ ~ I I  r a c  3 c 
- un; t s  o f  BtuJhr  f t  F, Td i s  the  temperature a t  t he sur- 
fnce ? f  t n e  i n s u l a t i o n  i n  O F  and TB i s  t h e  t e ~ p e r a t u r e  of  t h e  c u r -  
r-(  dnd:?~ j -  'F .  
I - ; s  found by u s i n g  the  equat ion:  
vt?-:re i 1 ?1; :s  the t h i c ~ n e s s  o f  t h e  i n s u l a t i o n a n d  hot i s  the o ~ t s i d e  
convec t i on  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  t o p  o f  t h e  t a n k  and i s  
g i v e n  by t h e  equa t ion  a l s o  f r om  Holman [17]: 
where hot has u n i t s  of B t u l h r  ft "F and TT i s  t h e  tempera tu re  a t  t h e  
su r f ace  o f  t h e  t o p  i n s u l a t i o n  and leas u n i t s  o f  OF. 
Q ~ ~ t i ~  i s  c a l c u l a t e d  i n  the bdr~le lllanner as QHTSHL, b u t  occurs  o n l y  
when t he  home h e a t i n g  l oad  i s  zero.  (ILB i s  found by u s i n g  t h e  equa t ion :  
where A s  i s  t h e  s u r f a c e  area o f  t h e  bot tom o f  t h e  tank .  
The computer ized a n a l y t i c a l  model f o r  t h e  HTS i s  presented i n  
Chapter I V .  
3 .3 The Low -- Temperature Thermal Storage Subsystem a -
The Low Ter~lperature Thermal Storage (LTS) Subsystem i s  as i m -  
p o r t a n t  t o  t h e  performance of  t h e  IWFS as t h e  HTS i s  t o  t h e  two kTDES 
schemes. However, t h e  e f f e c t s  o f  v a r y i n g  i t s  s i z e  i n  t h e  WDTES model 
i s  min imal  and thus ,  i t s  s i z e  was cons idered  a  key v a r i a b l e  o n l y  t o  
t h e  IWFS model. I n  t h e  WDTES model, t h e  LTS a c t s  m a i n l y  as an energy 
s i n k  f o r  t h e  Rankine Cyc le  and an energy s to rage  and d e l i v e r y  system 
f o r  t h e  space hea t i ng  l oad .  For t h e  IWFS scheme, t h e  LTS i s  t h e  
s to rage  and d i s t r i b u t i o n  system f o r  a l l  t h e  energy i n p u t s  and o u t p u t s  
o f  t h e  system, excep t  t h e  e l e c t r i c a l  load.  
I n  t h e  WDTES scheme, t h e  LTS subsystem, i n t o  which hea t  i s  r e -  
j e c t e d  f rom t h e  Rankine Cycle,  i s  made up o f  a  s t e e l  conta inment  t a n k  
o f  c y l i n d r i c a l  shape and minimum s u r f a c e  area, 1 f t .  o f  g l a s s  wool 
i ? , . , l i  : on a n d  a resistance heater, which i c  coupled to t h e  : o n t r o l l e r  
, ,  , I  .  P ~ S O  j r l ( - l u ~ I ~ ( I  I n  t h i l ,  cubsysteni rs r b ?  s e n s i b l e  
:.ilr. ! I  . : : vor.., o f  t he  storage 11c:digrit to f rli? ! ~ r i : , ~ b ~ t i r d ~  o i t.he i in~i~r t o ! '  
I .  I : I n  the I W f S  n ~ u d e l ,  ,.he LTS iicibsysten~ c o n s i s t s  o f  a [.tee1 con-- 
: a ' r ; i ; ~ l ! - , ! ~ i  tank o f  cylindrical shape and rn in inum surface area  ~ i i  t h  1 f t .  
st^ : 7 , 1c , .  hoo i  insulation. a ~ e s i s t  ~ n c e  heater through which f xcess enertly 
Fro. 'err wind t u r b i n e  generator 7s supp:  led to the tank, a rlr t w a t e r  
,:~i cop t n e  delivery of heat- t o  ttje domestic h o t  water loac . and tubinci 
. \  C)n the delivery of the water storage to the baseboards o f  tbe home. 
v : ? ~ , I  the WDTES simulation, the storage t a n k  capacity was assumed 
C.8 otJ j03G qallons (16.K") Ibm @,70(IoF), or 7 f t .  i n  diameter and 7 f t .  
i n  nt>::.jri:, s ince  i t  was fourid that the e f f e c t  of i n c reas i r i q  t h i s  s u e  
ci;rd , ii r 8 ; ;  !;;I I i ,y advantageous  r i f f e c t - ;  or! the jystetils enp,+cly e t ' t j c i e n c - J ,  
-<jr  r.rr:: .;JFS model, the s i z e  of the L T S  was varied to find the optimum 
i z i  r~i l - t13 on ~ i n i m u m  t o t a l  cyjterri cos t ;  of maximum system en?rgy e f -  
,e :+c r . '  ;n b o t h  models, the s t r a t i  fication effects  were ne~lected 
i n c t  t "vas assumed t h a t  p u K p i n y  the working f l u i d  throuah t i e  base- 
; (:a!-':> n r f i 4 l c  causc t h e  t a n k  to  hecome we1 1 rriixed 
b , ~ n t r ' o ?  v ~ l u m e  f o r  the LTS,  u s - q q  t h ~  WDTES model , i ; shown 
'[-LTS i 1 . 5  3 .3 .  The energy s to red  i n  t r l ~  LTS per  unit t i rne,  -,----, i s  
i i  t 
; t l : e rc  , ,  i s   he energy added thr9ugh t h e  resistance heater, iL rare  
;.:-' h.i . i '  w j e c t i o r !  fron t h e  Rankine ;:ycle, QqCHX i s  the rate o f  heat 




F I G U R E  3 . 8 .  CONTROL VOLUME FOR THE L T S ,  
WDTES A P P L I C A T I O N .  
-.r?i: ,.(,; : , '2nd tc~f) o f  the Lar;i. t o  t h e  :le.3t-iny l o a d ,  2 itlpr-eser~: 5 tilt i%TWL 
, .d t i . '  ci-  lea*, loss th rough  t h e  tank w a l l s  and t o p  when h e a t i n ?  i s  r !~>t  
.-;:q;* r . e i ?  f1~r the home a n d  i;' i s  t h e  r a t e  of heat trafisferred t o  the FLTS 
r nac i .  ?-@:\ti ng load through t h e  baseboards. 
?ni: c o n t r o l  volume for t h e  LT5 ~ s e i i  i n  ~ i i e  IWFS i 5  shr;\r;ri i n  
1 '  i t  : I .  An energy balance an t h i s  c o ~ t r o l  volume y ie l s s :  
f 7  , 1 5  t h e  r a t e  o f  heat t r a n s f e r  t o  t h e  hot water  co l l  i'h 
i -,Yi and QiBL were calculated i n  e x a c t l y  the  same manner a s  
- UTSP, QiE respectively. 
i - a The 2 a n k i n e Q c l e  S u b x s t m  
--- -- -. - - - - -- - -- 
- : a  l S i l i t  t o  supp ly  eltlctriccil  energy t 3  t h e  e l e c t r i c a l  load when 
: , f f . . , >?. ,f ,  .  wirlc energy i s  no: availahfe i s  a n  important i 'earure o f  the 
. , -  
: . vr: ~ , - . ' :  .. _;zhernec. Electrical energy susply i s  actornp'l ished 0 4  u t j  I ; z inc  
C? fat .s :r i i ~  k i ? & a t t  output.  Rankine Cyc le  Power System f o r  toe r e -  
d s r  4 6 1, ?arm a p p l  i c a t i o n ,  r e s p e c t i v e l y .  Rankine Cycle Powe- Systenls 
5 1 2 6 . - h d v e b e e n c o n s i d e r e d a n d  b i i i l t  i n  t h e p a s t  [18,13,203, 
a:: * . O L  +I. 3~ conrrr.ercially available f n  t h e  near f u t u r e .  
: ' I < -  ::arrkine Cycle subsystem, showy-i -,n Figure  3.10 cons~st.; of a 
21.ene;iti.r' . %i-ir.o~;h which t he  w r k i n g  f l u i d  i s  heated t o  t h e  b n . i i n q  
cc,iipit.=:! r:~'$;, 11 b ~ i  li?r ( o r  b 9 i  ?:?r/superhf?at,er combination), ' t ~ ~ . i l u q j i  
LNTHL  
T O  BASEBOARDS 
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whi c t ~  t.h(> work i  nq f l  u i  d  i s vdpor i 1r.d o r  cupcrhcdted, a  t u r b i n e  (expander)  
which,  due  t o  t he  expans ion o f  t h e  workin!] f l u i d  ~)roduc't>\ s h a f t  work t o  
d r i v e  t he  a l t e r n a t o r ,  a  r egene ra to r  f o r  t h e  recovery  o f  solile hea t  which 
would o the rw i se  be r e j e c t e d ,  a  condenser which r e j e c t s  hea t  t o  t h e  LTS, and 
a  smal l  feed  pump. 
A temperature - en t ropy  diagram f o r  t h e  c y c l e  u s i n g  toluenle as a  
work ing  f l u i d  i s  shown as F i g u r e  3.1;. The s t a t e  p o i n t s  shown on t h e  
d iagram a l s o  r ep resen t  t h e  s t a t e  p o i n t s  superimposed on F igu re  3.10. 
The superheat o p t i o n  i s  shown by t h e  dashed l i n e s .  I f  t h e  maximum 
work ing  f l u i d  temperature f o r  t h e  c y c l e  i s  above 550°F, i t  i s  advantageous 
t o  s l i g h t l y  decrease t h e  b o i l e r  o p e r a t i n g  p ressu re  (and t h e  b o i l e r  
temperature)  and then  t o  superheat  t h e  work ing  f l u i d  t o  s t a t e  l ' ,  t h e  
maximum work ing  f l u i d  temperature,  b e f o r e  expansion i n  t h e  t u r b i n e  t o  
s t a t e  2 ' .  Th i s  has t h e  e f f e c t  o f  s l i g h t l y  i n c r e a s i n g  c y c l e  e f f i c i e n c y  
a t  niaxinium f l u i d  temperatures o f  about  550°F, and t h i s  inc reased  e f -  
f i c i e n c y  becomes more s i g n i f i c a n t  w i t h  h i g h e r  maximum work ing  f l u i d  
temperatures.  
Toluene (CH3C6~,-) which i s  a  " d r y i n g "  f l u i d  as shown by t h e  
p o s i t i v e  s lope  o f  i t s  sa tu ra ted  vapor l i n e ,  was chosen as t h e  Rankine 
Cyc le  work ing  f l u i d  f o r  v a r i o u s  reasons. F i r s t ,  Rankine Cyc le  e f f i c i e n c y  
u s i n g  t o l uene  as a  wo rk i ng  f l u i d  i s  h igh,  p rov i ded  t h a t  a  r egene ra to r  
i s  used t o  t ake  advantage o f  t h e  waste superheat  a f t e r  expansion i n  
t h e  t u r b i n e .  T h i s  h i g h  Rankine Cyc le  e f f i c i e n c y  i s  impo r tan t  t o  t h e  
system t o  m a i n t a i n  h i g h  HTS a v a i l a b i l i t y .  As shown by M i l l e r  [21],  
to luene ,  which has maximum and minimum use temperatures o f  750°F and 

-13g°F, respec t i ve l y ,  o f f e r s  a  h igh  Rankine Cycle e f f i c i e n c y  over t h e  
range o f  temperatures t o  be used i n  t h e  WDTES System. This i s  i n  p a r t  
due t o  the  h igh  t u r b i n e  e f f i c i e n c y  poss ib le  (expansion through the  
t u r b i n e  r e s u l t s  i n  the  working t l u  i d  a t  a  superheated s t a t e ,  dtrd no t  i n  
the  two phase reg ion  as w i t h  a  "betting" f l u i d ,  where mois ture  d rop le t s  
decrease t u r b i n e  e f f i c i e n c y . )  l h e  on l y  o the r  work ing f l u i d  cons~dered  
by M i l l e r  [21]  t h a t  has a p p r o x i ~ l ~ a t e l y  the  salile h igh  e f f i c i e n c y  over t h i s  
temperature range i s  benzene, which has r e c e n t l y  been c a l l e d  a  
carc inogenic ma te r i a l  by t h e  Environmental P r o t e c t i o n  Agency. F i n a l l y ,  
to luene i s  a l so  a  common i n d u s t r i a l  so lvent  and t h e r e f o r e  has the  ad- 
vantage of being r e a d i l y  a v a i l a b l e  and having i t s  c h a r a c t e r i s t i c s  we l l  
documented [22]. 
I n  t he  WDTES scheme, t h e  temperature o f  bo th  the  HTS and t h e  LTS 
may vary w ide ly  w i t h  t ime, t he re fo re ,  t h e  thermodynamic s t a t e  o f  t h e  
working f l u i d  i n  a l l  the  components o f  the  Rankine Cycle i s  a l s o  a  
v a r i a b l e  i n  t ime.  For t h i s  reason, an i n  depth i n v e s t i g a t i o n  o f  t he  
o f f -des ign  performance of s p e c i f i c  Rankine Cycle components i s  
important  f o r  t h e  d e t a i l e d  ana lys i s  o f  t h e  Rankine Cycle subsystem. 
Since the  main t h r u s t  of t h i s  work was t h e  p re l im ina ry  i n v e s t i g a t i o n  o f  
IWFS and WDTES schemes, a  more d e t a i l e d ,  o f f -des ign  ana lys i s  o f  t h e  
Rankine Cycle was no t  used. Instead, a  sho r te r  and more r e a d i l y  a v a i l -  
a b l e  method of  Rankine Cycle ana lys i s  was adopted f o r  use. Program 
Cycle, an i n t e r a c t i v e ,  d i g i t a l  computer program, developed a t  Sandia 
Labora tor ies  [23] and w r i t t e n  i n  Fo r t ran  was used t o  per form a  se r ies  
o f  steady s t a t e  analyses o f  t he  Rankine Cycle model. The use o f  t h i s  
program requ i res  t h e  i n p u t  o f  e i g h t  working f l u i d  p rope r t i es ,  Rankine 
- , a  : I .  r ! ' i ) l ! t * ! r  i !'! 1 j ;  i PI\( i t . " ,  , ( t i ; !  I !I!- !I.<!K 'lill:l\i , 111 t1  11l.l ll l l l i l l l l :  init))'! l l( i  f I !i il 
; * s ! 9 , i ~ t  ! 4 c  , > , .  !<,-I <,!, ; ~ r ~ p ~ ~ ~ , ~ j t ~ ~ ~ . ,  : : : i i i f s ? , ! ! > \  I i ~ \ ( l )  i,,r I \ I ( $  , l t \ ( !  
. . 
., 1 : ! * * .  - -  J i i  f ; i>< j t~ i i ]k )  Q:,;!:/I~I{, frc~:i$ f {IY*~'Ic;~",~~I, 1 tt(; \i<l<s< 'i 4rqe .31 ! 'O t i f I t  
. ; : . ,  . . 
., , ' ,  .,..,t!;q4-: :lv-, f . 5 ~  ~ h a r a l ~ ; . f r : ~ f : ? . s  n - j  : ; td r t?  p ~ i l t t ~  ;SF I-!!: ; ' 3 r j i ; ; i c  
: ,irgCt;!er::'; i r, t n e  sseady  star,^ -rodel , 111 ly t h e  thermal e f f b -  i e q e y  o i  :!I? 
I ; :  .;;pi.! For t h i s  ~ t ~ d y .  
. .. k ,  :.Pe ierstrerature cf i  f ferenrs r?e:;.deen t h ~  wcrk.iria f',: i ! j n  ?:hi? 
t \ ,o ileii: t .xchanqcrs and the stordcje ma'iar.ial i r \  t h e i r  r . - spec t i  < :  t,her.na 
o , : + y c ~ * ,  - ? * .  , . , t . ! - a c ~ ~  tankc  was n o t  kno 'urr~,  an a:~sulnpticrn of  50 F 162s; t h a c  
r : ? p  -+ . j : acs*  3 1. '.. i na tp r i i j ]  tgmperat i j rc i n  t h p  trTS and 25°F qrpatek- t i : a n  t h r i  i...'S 
. :  ) r , d s ! ~ .  r ?nk temperature W ~ S  made f o r  t h e  teiilperature of the wrirki nc? 
i ' i  ~ i a  3 :.It: he;! .: exchanger o!~",ets. Covponent efficient i e 5  wc r e  
2 , : ; u r n : ) ;  , . :~i; i>e 3~ f 0 ' 1 0 ~ 5 :  
Combined a1 ternator/qener,?tor efficiency .95 
Tbrbine efficler;cy = .8 
2eqenerator e f f i c i e n c y  = - 8  
.; j , . , . : ,  7 -J i >., t i L j c i e n c y  = - 9 5  
1~:1ip :;.ff;~7:cgci/ = * >  
:j7 i i f + - c i l . ;  - , . i l l  ~ p e r a t ~ o r ; ,  t.he e f i i . 2  i e r c i e s  nf  these component: ( ?a;.- 
- ". 
,Je!'.';:, , ~ ;  - ? < . ,  t . t r i ~ i n c f i  wculd be a f f e c t e d  by the  variation o f  ::he storaqe 
3 t i  Kowever, fo r  t h i s  ana;js i s ,  these  values ~Je1-e ac,sij:?ed 
{,jr 5 t<+ !; (. 
\,. e- * *. -. ,c::,e L. . ,. - ; !swmptions, Program 7ycIe  could now be u t i l  lzec t o  
: I ; : :  - i t ;  i :;i..*-ici; c:f ctjrves of mnxin~uin ? a ~ k i r \ e  Cycle efficiency Icssurnina 
; , - :, ~1 ~anlponer~t e f f i i : i cnc ies )  ?is a function o f  max imum hfcrkin,: 
.. ' I L ,  . -i t : ~ : q : t c : . ' . j  t,t?-e / T . , ,  1 for  a sci i - ies c t f  c i r i m u m  working f l u i d  te[?perdt?tre: 
1!1 
(TLo). This i s  shown, f o r  to lu lene,  i n  F igure 3.12. These curves 
were produced by vary ing T  and TLo and a l s o  the  b o i l e r  pressure H I  
( f o r  superheat o n l y )  t o  ob ta in  values o f  maximum c y c l e  e f f i c i e n c y .  
These curves were f i t t e d  f o r  use w i t h  WDTES1, by an e igh th  order  po ly -  
nomial along l i n e s  o f  constant TLo, so t h a t  l i n e a r  i n t e r p o l a t i o n s  fo r  
in termediate values o f  T  could be tnade accura te ly .  LO 
Since Rankine Cycle e f f i c i e n c y  i s  now known f o r  a l l  poss ib le  
storage tank temperature combinations, f o r  a  g iven requ i red  e l e c t r i c a l  
energy output  from the Rankine Cycle, 
 RE^ - t he  r a t e  o f  heat t r a n s f e r  
requ i red  from the  HTS, , can be found as fo l l ows :  
where oth i s  the thermal e f f i c i e n c y  o f  t he  Rankine Cycle and nAG i s  the  
combined a1 te rnator /genera tor  e f f i c i e n c y .  The r a t e  o f  heat t r a n s f e r  t o  
the LTS, hL can be found us ing the  f o l l o w i n g  equation: 
An attempt was made t o  show the  e f f e c t  o f  decreased t u r b i n e  e f -  
f i c i e n c y  on the  WDTES model by i n t roduc ing  the  Rankine Cycle 
e f f i c i e n c y  f a c t o r ,  RNKFCT. Since t u r b i n e  i n e f f i c i e n c y  i s  the  main 
source o f  c y c l e  i n e f f i c i e n c y  f o r  the  Rankine Cycle, i t  was assumed t h a t  
decreasing qth by 75% would have the  e f f e c t  o f  reducing t u r b i n e  e f -  
f i c i e n c y  by approximately 25% t o  60% t h a t  would y i e l d  a  range o f  WDTES 
performance t h a t  may d u p l i c a t e  the  e f fec ts  o f  o f f -des ign  Rankine Cycle 
opera t ion .  

3 .  5 Ttie . Ilousrb . . - . Modcl . . 
I t i t b  'bl'~rcc I ~ c d  l i n g  l o d t l  t.cb()rc1!;tbrrl.!; 1.ttt. I ~ ~ r ( l c s  t 'ir)tll e rnrXr!)y rr- 
tlu i Y.( \ I I I (?I ,  t. f o r  l.hc sys t e ~ ~ ~ s  I )ci  rlcl ~ ' O I I ' ,  i tl(!r'c'rl . 1-or t h i  s r*cason, (1 dt?- 
t a i  1 ed c o ~ ~ i p u t e r  subprogranr, bascd on ASIiRAE des ign  p r a c t i c e  [24], 
developed by Darkaza l l  i [I 11 f o r  t h e  p rev ious  wind and s o l a r  h e a t i n g  
s t u d i e s  a t  So la r  H a b i t a t  I was used f o r  t h i s  study. Using t h i s  program, 
t h e  s imu la ted  35,383 kWL y e a r l y  hea t i ng  l o a d  o f  So la r  H a b i t a t  I r e -  
p resen ts  t h e  hea t i ng  l oad  o f  an average home i n  t h e  New England area.  
A l so  cons idered i n  WDTES1, by ~ i i ode i i ng  a  house w i t h  no basement, was a  
17,166 kwh y e a r l y  h e a t i n g  load  r e s u l t  which i s  i n d i c a t i v e  o f  the 
hea t i ng  l oad  o f  a  w e l l - i n s u l a t e d  home i n  t h e  New England reg ion .  The 
nlonthly v a r i a t i o n s  o f  these h e a t i n g  loads  a r e  shown i n  F igu re  3.13. 
A steady s t a t e  energy ba lance on t h e  hone, which has an assumed 
cons tan t  res idence  temperature o f  68"F, i s  g iven  by t h e  equat ion :  
where hHL represen ts  t he  space hea t i ng  l o a d  o f  t h e  home, Q~ i s  t h e  r a t e  
o f  energy l o s s  th rough t h e  w a l l s ,  roo f ,  f l o o r ,  windows and doors o f  
t he  home and Q~~~ represen ts  t h e  i n f i l t r a t i o n  losses .  QS i s  c a l c u l a t e d  
by : 
Q, = >: U.A. (Tin - i 1 3  T o u t )  (3 .13)  
where U i  and Ai a r e  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  and t h e  
sur face  area, r e s p e c t i v e l y ,  o f  t h e  ith heat t r a n s f e r  su r face ,  such as 
w a l l ,  r o o f ,  window, e t c .  and T i n  and Tout a r e  t h e  i n s i d e  and o u t s i d e  
temperatures f o r  t h a t  surface. Ui i s  found from equat ions o f  t h e  form: 
. - .  
-- * Lid 
-,  
,. -T .s 
.- , .  
-. 
I. 
where hi and ho a r e  t h e  i n s i d e  and o u t s i d e  convec t i ve  hea t  t r a n s f e r  
c o e f f i c i e n t s ,  x i s  t h e  t h i c k n e s s  and k i s  t h e  thermal conduc1;ivfty o f  
t h e  su r f ace  under c o n s i d e r a t i o n .  Uinf i n  Equa t ion  3.12 i s  found from: 
0 i s  t h e  d e n s i t y  o f  t he  a i r  and Ca.ir i s  i t s  s p e c i f i c  heat,  w h i l e  V r e -  
p resen ts  t h e  v o l u m e t r i c  f l o w  r a t e  o f  t h e  a i r .  A v o l u m e t r i c  f l o w  r a t e ,  
reconrnended by ASHRAE [24], o f  one voiurl~e change pe r  hour  was used i n  
t h e  p resen t  hea t i ng  l o a d  model.  
A l though  QHL does rep resen t  t h e  space h e a t i n g  l o a d  o f  t h e  homes 
under c o n s i d e r a t i o n ,  some hea t  l osses  f rom t h e  s to rage  tanks  be ing  
used and a l s o  t h e  s o l a r  energy g a i n  th rough  t h e  windows o f  t h e  homes 
must be cons idered  f o r  an accu ra te  heatinq l o a d  model. QHLACT, which 
i s  t h e  a c t u a l  h e a t i n g  i o a d  f o r  t h e  homes t h a t  must be supp l i ed  e i t h e r  
by t h e  system o r  by a u x i l i a r y  means, i s  g i v e n  by:  
where Q~~~~~ and Q~~~~~ a r e  t h e  r a t e  o f  hea t  l o s s  f rom t h e  LTS and t h e  
HTS ( w i t h  t h e  WDTES models),  r e s p e c t i v e l y .  Q ~ ~ s ~ ~  and QHTSHL 
d i m i n i s h  t h e  h e a t i n g  l o a d  when hea t i ng  i s  r e q u i r e d  i n  t h e  home. Qso l  
r ep resen t s  t h e  r a t e  o f  s o l a r  energy g a i n  through t h e  windows o f  t h e  
home and i s  g i v e n  by t h e  equa t ion :  
Qso l  =- 
. , l e . . .  :. : ,  - .- ?.hi! ~ b s o t - b e d  scl c 1.  e n e r g v  pcr u n i  t area, A 7'. che a r e a  win 
- /< t~(ii!r; 'oct"ving the  c.olar t.!nsrq,j and SHADE S s tne  ~ k a g i n r ;  
. " .  . 3 ., 
, ' . . . t i;rl . r?  ,s.: T l  , i l  y decreases tne h ~ a t  ;?c,i -.::tad 
> I HT. , L. : . : ~ I L  
:,npr . . !:er:iii.ril'iure jndoor.5 i s  hitrher. ",an t h e  ambient temperatut-e, 
I :nt.i.:., - t  . these t:erir1s ~ I O U I ~ ~ M  t c  tr:e COOI <r!q  i o a d .
i r. The E 'Eec t r i ca?  . -~ !.oar; - Model .- . 
' : ~ , c -  ij~Cfcrent. models o f  the e1ectr'cdI load  were s t u d i e d  f o r  ctse 
2. i t.r L r 3 r  kDTESl computer simu7atiori. T h e  f i r s t  model represents a s i m -  
: , ! c i " , ! - , r . "  -3t- ari aver3qe U.S. home e l e c t r i c a l  'load and was adapttld from 
r .-t:eai: r , ~ i , k  Wolf [ 2 5 j .  Tots second model was chosen t o  r ep resen t  a n  
<ijfir,l ; i - :  ;,,:>, fa rm electrical l oad  and i s  s i m i l a r  t o  t h e  averacie home 
k : ; e c - . - ? c d i  i o a d .  I t  i n c l udes  a f a r m  machinery e l e c t r i c a ?  loac term, t o  
:. ., k f '  <. . .;*~:o account   he e l e c t r i c a l  energy consumption of m i l k i n c  machines, 
y ! '0-r. ! . ~ :  ' - , p t c .  
!;:. . i ve rage  0,S. home e i r c t r i c a l  load  i s  based on a y e a r l v  annual 
P .nc  ' ! . -  :i : 10di; o f  5785 kwh ac giver ,  by do1 f [ZE;]. He a 1 so ::resented 
i : ! ~ . r i ,  rj'~:.:iriij,l e l e c t r i c a l  l o a d ,  6 s  shvwn i n  T a b l e  3.1.  Since the  
: . !~S i i r ! c l  ,,!:I ::)Qelect.r'rzal ener3.y by a residential u n i t  ir: toe Yortheast 
.! : .- I t: iei~soflal i y  from a h i g h  of 19.7 kwh/day d u r i n g  December 3nd 
j ~ i nua r ,  ':: a :ow r ~ f r  '12.0 kw'niday d u r i n g  June and J u l y ,  Wolf [ 23 ]  proposed 
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5 1 , ; ~  - : ;  :iv-n!: ~: ;odi f ica+uion tc, c a l c u l a t e  ;:he a c t u a l  hour ly  c iec t , r i ca ;  
,. cJ y ': ; - 'r .  ,.,unlpt 0n, WE ; 
Nomina 1 Clectr'ical 
Ccnsun~pt io t~ ( W  NOM) 
1- i me I n  Preceding Hour 
(t lr .  ) ( k W t i  ) 
24 0.9 
TOTAL 20.0 
Tab;e 3.1 Hourly Nominal Electrical Load fo r  a S i n g l e  
F a m i l y  Residence [ \ , io l f .  1975)  
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'->;i: l)c;riie..:tic Hot  Water !.oad ? I o ( t  
- . .. .- ~ . - - -. - .- - -. 
" ' . i t  c -o~~ t .s t : i :  ho t  water l oad ,  which  presents t h e  snal ' P S  . ener-gY 
,'c s r f : ,  .- i , ;~s l ;~rns u n d e r  cons idera t  <or-1, when compared tin t h e  r +  l ectrica i 
, ,  ' : ,- .p~!at i : g  ioads, fo l  lotds an assumed hourly load  p a t t e r 0  shown 
Elec t r i ca l  Consu~np t ion  
For Machincry (WMEC,,) i n  
Time 1'rcccd.i ng  Iiour 
(h r .  ) ( k ~ h )  
TOTAL 
Table 3 . 2  Hourly E lec t r i ca l  Load f o r  Machinery for  an 
Average U .S.  Farm 
1r.i ; a r : I c  3 . 3 .  T h i s  d i s t r i b u t i o n  p a t t e r n  i s  based on work by 
. . -  Yutcr: : -., . 
- v r  ?;rie ir i5TES schemes. .-<id i n l e t  water a t  60°F f rom t h ( l  main 
1 1 ,  ; : I : ; ; :  :ed  L C  2 w a t  exchanqer i:oi i iii!r:~ersed i n  t he  HT'S. I t '  t he  nut- 
: . +  
i C , -  ;ti~.-ioerdtur;, from t h e  C O ~  i i s  I-3-sc than the assumed hot w ? t e r  s ! ~ p p I y  
: e ~ 3 : ) ~ ~ ~ : l t i i ~ ~ - ,  ;Hihlli 3 f  14OZF,  e x t . r d  i'nergy supp l i ed  by an a u x i  ! i a r y  
., our...:t: '. r ~ q i i i ~ e d  t o  r-aise the temperature o f  t h e  water  t o  7HWR. The 
) iea:  t ? f s i ange r  i s  assumed t o  be corl t ral led t o  a l l o w  t n e  water temper- 
.tuV':: t i  v e a c i  1 4 O o F ,  i f  t h e  i i T S  t a n k  ternperdture i s  a t  140°F o r  
37ear.cv-3 D u l ;  does not  a l i o w  .it to reach a temperature g r e a t e r  than I r 
; a ?  i . ' f i j s  same l o g i c  i s  f 'c l lowed i n  the IWFS scheme, except  t h e  
e ? r  exctrdnyer c o i l  i s  inunerzed i n  t he  LTS. 
Tr:c? t:yuat,ion f o r  t h e  h e a t  req l r i red  f o r  t he  domest ic  h o t  water  
~ p ~ i v .  r ! jbj fol lows : 
i\ " er ._  
.J? ter- i~ the  d e n s i t y  o f  water,  ti, i s  t h e  amount of h o t  wa te r  
;-;.r_,i -(?!I. snowri ir: T a b l e  3 . 3 ,  Cpv, i s  t he  s p e c i f i c  heat  o f  water  and 
- 1  , 
., u\, 
C R Z  i r , ! e t  w a t e r  teriperdtut-e. 
7 %  - ? e  dDTES schemes, if t h e  HTS i s  a t  a  temperature lower  than  
l'.!dp. ' 5 ~ ~  . u .x i?  i a r y  energy r n q u i r e d  t o  hea t  the  water  t o  THWR i s  
~ . e (  ha, - qe ear.jatjon : 
wr:ert: T - ,  
-1 s t he  temperature o f  the  h i g h  temperature s to rage  m a t e r i a l .  
< P 
. . 
L) : , : I  i S j rT ' i , ,  : r  r.he iWF5 model, the a u x i l i a r y  energy r e q u i r e d  i s  g i v e n  by 
Time Gallons o f  Hot 
h r  .) a t c r  Requ~ red 
. .  L--. -- -. - _ . Y . .  . - 
TOTAL 50.02 
Tab le  3.3 The Hourly Domestic Hot Water Load [ ~ u t c h :  19741 
where TLTSI i s  the temperature o f  the  low temperature storage mate r ia l .  
Since a u x i l i a r y  energy i s  being used t o  r a i s e  t h e  water temperature 
from the  associated storage tank temperatures, t h e  amount o f  energy 
suppl ied t o  the  domestic hot  water load by the HTS and LTS f o r  t h e  
d i f f e r e n t  schemes can be found by s u b s t i t u t i n g  THTSI f o r  THWR i n  
Equation 3.19 f o r  the  WDTES models, and by s u b s t i t u t i n g  T LTSI for 
THWR f o r  the  IWFS model. 
3.8 The Power Condi t ioner  and the  A l t e r n a t o r  Subsystems 
The c o n d i t i o n i n g  o f  t h e  e l e c t r i c a l  energy output  from t h e  wind 
t u r b i n e  generator t o  use fu l  s i n g l e  phase, 60 HZ, 120/140 v o l t  e l e c t r i c -  
i t y  i s  requ i red  by the  IWFS and WDTES, Type I1 schemes. Because the  
AC generator i n  the  c u r r e n t  design WTG produces e l e c t r i c i t y  o f  v a r i a b l e  
frequency and voltage, a r e c t i f i e r  must be employed t o  conver t  t h i s  
e l e c t r i c a l  energy t o  DC power. Th is  r e c t i f i e r  can be q u i t e  inexpensive, 
and i n  fac t ,  the  u n i t  p resent ly  i n  use a t  the  U n i v e r s i t y  o f  Mas- 
sachusetts f o r  t he  32.5 ft. WTG cons is t s  o f  on l y  s i x  diodes. A f t e r  t he  
conversion t o  DC cu r ren t ,  t he  output  from the  r e c t i f i e r  must be i n -  
ver ted t o  produce the  des i red  A.C. c u r r e n t  f o r  t he  residence o r  farm. 
I n v e r t e r s  i n  t h e  four and s i x  k i l o w a t t  s ize ,  as required,  a re  pre-  
s e n t l y  q u i t e  expensive, bu t  decreasing cos ts  and increas ing 
e f f i c i e n c y  [9,26] a re  beginning t o  make these u n i t s  p r a c t i c a l  f o r  wind 
t u r b i n e  generator appl i c a t i o n s .  
I n  t h e  WDTES Type I and Type I 1  u n i t s ,  t h e  e l e c t r i c a l  energy 
produced by t h e  a l t e r n a t o r  connected t o  t h e  constant  speed t u r b i n e  o f  
the Bankine Cycle i s  of cons tan t  vo l tage and 60 Hz frequency. For 
t h i s  reason, a r e c t i f i e r  and i1ivert;er. systeni i s  no t  requ i red .  
C H A P T E R  I V  
MAIN  PROGRAM ANALYTICAL MODELS 
D i g i t a l  computer s imula t ion  i s  an i n t e g r a l  p a r t  i n  the  ana lys is  
o f  the  WDTES o r  IWFS models' performance c h a r a c t e r i s t i c s .  These 
systems, due t o  t h e i r  ever changing imposed loads, energy inputs  and 
modes o f  operat ion, a lso  requ i re  t h a t  t h i s  s imula t ion  be r a t h e r  
lengthy.  For t h i s  reason, the  main t h r u s t  of t h i s  chapter i s  devoted 
t o  the  d e s c r i p t i o n  o f  the  l o g i c  requ i red i n  the  analyses o f  the  var ious 
subsystems, wh i le  the  d e t a i l e d  program i s  included, l i n e  by l i n e ,  i n  
Appendix B. 
The computer model, WDTES1, which i s  general enough t o  s imulate 
both o f  the  WDTES models and the IWFS model, cons is ts  o f  the  main 
program and the subprograms which fo l low: 1 ) the  main program, which, 
through i t s  i n t e r a c t i v e  i n p u t  format a l lows the  user t o  i n p u t  the  
system desired, s t a r t  up condi t ions,  component sizes, and t h e  output  
format. The main program i s  a l s o  responsib le f o r  the  main mode o f  
operat ions swi tch ing l o g i c  and the energy d i s t r i b u t i o n  t o  t h e  var ious 
1  oads; 2 )  the  data i n p u t  subprogram, which corr~pri ses p e r t i n e n t  meteor- 
l o g i c a l  data such as s o l a r  i nso la t i on ,  c loud cover, wind v e l o c i t y  and 
d i r e c t i o n ,  and a i r  temperature a1 1  f o r  s p e c i f i c  s i tes ;  3 )  t h e  wind 
t u r b i n e  generator subprogram t h a t  ca lcu la tes  the  windpower output  o f  
t h e  WTG; 4 )  the  h igh temperature thermal storage subprogram ( f o r  
the  WDTES models), which ca lcu la tes  the  energy stored i n  and the  
thermal losses of the  HTS; 5)  the  e l e c t r i c a l  load subprogram which 
ca lcu la tes  e i t h e r  the  residence o r  the  average U.S. farm e l e c t r i c a l  
load;  6 )  t h e  space h e a t i n g  l o a d  subprogram; 7 )  t h e  doinest ic h o t  wa te r  
subprogram t h a t  c a l c u l a t e s  t h e  h o t  wa te r  load ;  8)  t h e  low tempera tu re  
thermal  s to rage  subprogram t h a t  c a l c u l a t e s  t h e  energy s t o r e d  i n  and 
t h e  thermal  l osses  o f  t h e  LTS; 9 )  t h e  s o l a r  energy subprogram, t h a t  
g i v e s  t h e  s o l a r  energy g a i n  th rough  t h e  windows; 10)  t h e  Rankine Cyc le  
subprogran~, which c a l c u l a t e s  t h e  thermal  e f f i c i e n c y  o f  t h e  Rank.i tie 
Cyc le  power systeni and a l s o  t h e  source and s i n k  heat  r a t e  requ i rements ,  
and f i n a l l y  11)  t h e  o u t p u t  subprogranis which p rov i des  useable  systelri 
perforlnance da ta  i n  e i t h e r  h o u r l y ,  d a i l y  o r  n lonth ly  fo rmat .  A l l  t h e  
subprograms which a r e  p e r t i n e n t  t o  t h e  system be ing  siniul  a t ed  a r e  
examined hour by hour  f o r  t h e  d u r a t i o n  o f  one y e a r ' s  m e t e o r l o g i c a l  
da ta .  
4.1 The Main Prograni 
- 
The main program con ta i ns  a1 1  program i npu t s ,  except  m e t e o r l o g i c a l  
da ta ,  and a l s o  p rov i des  t h e  main s i m u l a t i o n  o f  t h e  v a r i o u s  ope ra t i ona l  
modes and t h e  energy d i s t r i b u t i o n  t o  t h e  va r i ous  loads  o f  t h e  t h r e e  
systems under c o n s i d e r a t i o n .  A f l o w  diagram o f  t h e  l o g i c  used -rn t h e  
main prograni appears i n  F i g u r e  4.1. I n i t i a l l y ,  t h e  system c o n f i g u r a t i o n ,  
components (and thereby  t h e  model ) ,  s t a r t  up c o n d i t i o n s  and d e s i r e d  
o u t p u t  must be se lec ted .  T h i s  i s  accompl ished by means o f  an i n t e r -  
a c t i v e  fo rmat  f o r  t ime -sha r i ng  systems o r  by  a  ba t ch  f o rma t  wh ich  
a1 lows t h e  program t o  be submi t ted  as a  ca rd  deck. The m e t e o r l o g i c a l  
da ta  i s  read  and c o r r e c t e d  f o r  t h e  d e s i r e d  system c o n f i g u r a t i o n  and 
t h e  c o r r e c t  u n i t s .  The wind t u r b i n e  genera to r  subprogram then  c a l -  
c u l a t e s  t h e  wind energy produced by t h e  WTG. The e l e c t r i c ,  space 
SYSTEM CONFIGURATION SELEC'I'lON AN11 DESIRED 
SUBSYSTEM COMPONENTS SIZING 
\L P 
INITIAL START UP CONDITIONS FOR HTS AND 
LTS AND MINIMUM CYLINDRICAL TANK SURFACE AREA 
w . d 
I HOURLY DAILY OR MONTHLY OUTPUT SELECTION I 
I DATA CORRECTED FOR SITE AND UNITS I 1 I I (I, 
L + 
WIND TURBINE GENERATOR SUBPROGRAM TO 
CALCULATE ATTAINABLE WINDPOWER 
w 4 I ELECTRICAL LOAD SUBPROGRAM FOR HOME OR FARM f 
I SPACE HEATING LOAD SUBPROGRAM FOR AVERAGE 
1 OR WELL-INSULATED RESIDENCE I I 
J, 
DOMESTIC HOT WATER LOAD SUBPROGRAM 
I 
I 1 INITIAL HTS INTERNAL ENERGY J IWFS & 
= 
INITIAL LTS INTERNAL ENERGY 1 
1 TANK(S) THERMAL LOSSES 1 I 
J, 
SOLAR ENERGY SUBPROGRAM FOR USEFUL 
SOLAR ENERGY TRANSMITTED THROUGH WINDOWS 
b . 
- if 
ACTUAL HEATING LOAD AND 
I REQUIRED ELECTRICITY I 
4 
MODE OF OPEKATIONS AND ENERGY DISTRIBUTION I 
FOR 
IWFS 
1 ENERGY BALANCE EQUATIONS I 1 I 
\L 
- 
RANKINE CYCLE SUBPROGRAM CALCULATES 
EFFICIENCY, SINK AND SOURCE HEAT REQUIRED 
. 
JI I CALCULATE NEW STORAGE TEMPERATURES 
I OUTPUT OF LOADS. AUXT1,IARY ENERGY REQUIRED, ETC. 1 
4 I END 1 
t~ r .~ l t , i~ iq  and d o i ~ ~ e s t i c  h o t  wa te r  l oads  a r e  c a l c u l a t e d  u s i n g  t h e i r  
rca!,l~cc't i v t t  subprocl~-an~s. Fol low i ncj I t i ~ l  t , t h e  i 11 i t  i a l  11 i cjl~ t u n ~ p e r ' ~ ~  turc !  
ther-1:1a1 stot-dge i n t e r n a l  cncrr ly I S  c a l c u l a t e d .  I f  the  W [ ) l t S  ~i\odr?l s 
a r e  undzr c o n s i d e r a t i a n ,  t h e  c a l c u l a t i o n  o f  t h e  i r i i t ~ a l  low temperature 
thermal s to rage  i n t e r n a l  energy f o l  1  ows. The thermal l osses  from t h e  
LTS and HTS ( i f  t h e  WDTES models a r e  be ing  used) a r e  t hen  c a l c u l ~ ~ t e d .  
The s o l a r  energy subprogram then  c a l c u l a t e s  t h e  u s e f u l  s o l a r  rnesngy 
g a i n  th rough  t h e  windows. The a c t u a l  h e a t i n g  load,  which takes  i n t o  
account  t h e  u s e f u l  s o l a r  energy and tank  l osses  i s  c a l c u l a t e d  a l i )ng  
w i t h  t h e  a c t u a l  e l e c t r i c i t y  r e q u i r e d ,  wh ich  i s  d i f f e r e n t  t han  t . h ~  
e l e c t r i c a l  l o a d  i n  t h e  WDTES schemes due t o  a1 t e r n a t o r  e f f i c i e n c v .  
The Rankine Cyc le  subprogram f o l l o w s  f o r  t h e  WDTES models and c a l c u l a t e s  
t h e  thermal  e f f i c i e n c y  o f  t h e  c y c l e ,  t h e  r e q u i r e d  hea t  i n p u t  and t h e  
r e q u i r e d  hea t  r e j e c t i o n  f o r  t h e  amount o f  e l e c t r i c a l  o u t p u t  needed 
f rom t h e  a l t e r n a t o r .  Next comes t h e  mode o f  o p e r a t i o n s  and energy d i s -  
t r i b u t i o n  l o g i c  which s p e c i f i e s  t h e  f l ow  o f  energy i n  t h e  systems be ing  
cons idered t o  t h e  v a r i o u s  system components based on s to rage  t ank  
temperatures,  p r e s c r i b e d  p r i o r i t i e s  and energy requ i rements .  T h ~ s  
s e c t i o n  f o l l ows  t h e  l o g i c  t h a t  i s  presented f o r  each system i n  Chapter 
I 1  and w i l l  be cons idered  i n  d e t a i l  i n  Sec t i on  11 o f  t h i s  chap te r .  
An energy ba lance i s  t hen  performed on t h e  energy s to rage  u n i t ( s )  and 
t h e  new tank tempera tu re (s )  and i n t e r n a l  energy i s  c a l c u l a t e d .  f i n a l  l y ,  
t h e  d e s i r e d  ou tpu t s  o f  l oads ,  t h e  a u x i l i a r y  energy requ i rements  and 
t h e  energy d i s t r i b u t i o n  v i a  s p e c i f i c  modes i s  g i ven  i n  e i t h e r  an h o u r l y ,  
d a i l y  o r  month ly  fo rmat .  The c o n t r o l  then  s h i f t s  back t o  t h e  meteor-  
l o g i c a l  da ta  which i s  read and t h e  c a l c u l a t i o n s  f o r  t h e  n e x t  hour a r e  
performed u n t i l  the  f i n a l  hour o f  t h e  yea r ' s  d u r a t i o n  i s  considered. 
The f o l l o w i n g  sect ions w i l l  consider some o f  these subprograms i n  
greater  d e t a i l .  
4.2 The Data Inpu t  Subprogram 
The data i n p u t  subprogram was adapted f o r  t h e  WDTESl program 
from previous work by Darkazal l  i [Ill. The subprogram shown i n  
Figure 4.2 i s  made u p  o f  s i x  separate data banks, each o f  which con- 
t a i n s  two months o f  meteor logical  data. Each data bank has a l i n e  
fo r  each hour o f  t he  two month per iod,  and f i v e  pieces o f  i n fo rma t ion  
are  on each 1 ine.  A sample o f  t he  data i s  shown i n  Figure 4.3. The 
f i r s t  column represents t h e  s o l a r  i n s o l a t i o n  (SUN) on a surface 
t i 1  ted 60° from the  ho r i zon ta l  and has u n i t s  o f  ~ t u / f t '  h r .  The 
second column represents the  c loud cover (NCC) and i s  based on a sca le  
from 0 t o  10. The t h i r d  column i s  the  wind speed (NV)  i n  knots and 
the  fou r th  i s  ambient temperature (NTA) i n  degrees Fahrenheit .  The 
f i n a l  co l  umn represents wind d i r e c t i o n  (NDW) , measured i n  tens o f  
degrees from due nor th,  where 09 = east, 18 = south, 27 = west, 36 = 
no r th  and 00 = calm. For the  runs made, the  so la r  i n s o l a t i o n  and 
the c loud cover are  based on data taken hour ly  a t  Blue H i l l s ,  Mass. 
i n  1958 and the  wind speed, wind d i r e c t i o n  and a i r  temperature were 
recorded once every th ree hours a t  Bradley I n t e r n a t i o n a l  A i r p o r t ,  
Conn. i n  1971. These data banks are  read by the  program one l i n e  a t  
a t ime and s tored i n  a two dimensional a r ray  as a func t ion  o f  NHR, 
the hour o f  t h e  day, and NDAY, t h e  day o f  the two month data bank 
i n t e r v a l  . 
,.- I . '  1 1 : ;oJ3J;-~~-~~ * sl,[;J--:-: -- ---. .-..--- _I 
F i g u r e  4.2.  F low Diagram of  t h e  Data I n p u t  Subprogram 
S o l a r  Jnc,olnt.ion, f3tti/ftZ hr 
---Cloud Cover., O t o  i O  r~ca l c  
\!ind Spccii, knots 
- An~t:  i e t i  t Tempera ture , F 
t l ind Direction 
IJ '3 04 6 2  23 
Figure 4 . 3 .  Sample Data fo r  One Day 
4.3 Tile ~ Wind ~ Tu rb i ne  ~ Geticr.d [.or Sr~h\)r .ogra~l~ . ~ 
The f l o w  diagrani  f o r  t h e  w i t ld  t.urb.inc qene ra to r  s u b p r o g r a ~ ~ ~  i s  
shown i n  F i gu re  4.4 and i s  d l s o  based on p rev i ous  work by 
Da rkaza l l  i (11 ) .  Because t h e  wind v e l o c i t y  da ta  was n o t  taken  a t  
t h e  h e i g h t  o f  t h e  wind t u r b i n e  genera to r  or t h e  house, t h e  da ta  has t o  
be n o d i f i e d  u s i n g  He l lman 's  r e l a t i o n ,  Equa t ion  3.1. The c o r r e c t i o n  
f a c t o r  f o r  T h e  WTG and t h e  house a r e  c a l l e d  COF and COH, r e s p e c t i v e l y .  
By en~p loy in r j  t h e  COF te rm  and t.he cu r ve  - F i t t e d  WTG o u t p u t  equa t ions ,  
shown i n  F i qu re  3.1,  t h e  harves ted  wind energy can be c a l c u l a t e d .  
4.4 - The High - T e ~ e r a t u r e  - ~. Therrtial . . S t o r a g e  - - -~ Subprogram - ~- 
The h i q h  temperature thernial  s to rage  subprogram i s  shown as a  
l o g i c  f l o w  diagram i n  F i g u r e  4.5. I n p u t t e d  t o  t h e  subprogram a r e  t h e  
d e s i r e d  mass o f  NaOH ( E M )  t o  be cons idered,  i t s  s p e c i f i c  hea ts  (CPS1, 
CPS2, CPS3) and l a t e n t  hea t  c h a r a c t e r i s t i c s ,  t h e  i n i t i a l  HTS temper- 
a t u r e  (THTSI), t h e  s o l i d - s o l i d  phase change f r a c t i o n  (X11) o r  t h e  
s o l  i d - l i q u i d  phase change f r a c t i o n  (XZI) ,  ( i f  THTSI i s  a t  560°F o r  
600" F, r e s p e c t i v e l y )  , and t h e  home basement tetr lperature TB. V ia  t h e  
main program, t h e  subprogram then  r e q u i r e s  t h e  use r  t o  e i t h e r  i n p u t  a 
s p e c i f i c  tank h e i g h t  and r a d i u s  f o r  t h e  c y l i n d r i c a l  tank,  o r  t o  a l l o w  
t h e  program i t s e l f  t o  c a l c u l a t e  t he  tank  h e i g h t a n d r a d i u s  c o r r e s -  
ponding t o  minimum s u r f a c e  area.  The subprogram then  r e q u i r e s  t h e  
use r  t o  i n p u t  t h e  HTS i n s u l a t i o n  t h i c k n e s s  and thermal c o n d u c t i v i t y .  
Next,  t h e  r o u t i n e  c a l c u l a t e s  t h e  HTS i n i t i a l  i n t e r n a l  energy (EHX) and 
t he  tank l osses  f o r  t h e  hour (QLTOT).  A f t e r  t h e  i n p u t  and o u t p u t s  on 
t h e  tank  a r e  cons idered,  i n  t h e  inain progralll an energy ba lance i s  pe r -  
formed on t h e  t ank  and t h e  f i n a l  i n t e r n a l  energy of t h e  HTS a t  t h e  end 
IKPUT HOURLY !4INC VELGCITY AND 
D I R E C T I O U ,  tIOUSC A N D  TOWER t I E I G H T S  
I 
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CORRECT \.III<G VELOCITY FOR TOIaJER AND 
HOUSE HEIGHTS. I 
4 
CALCULATE USEFUL G E N E R A T O R  WINDPOWER 
F igure  4.4. The Wind Turb ine Generator Subprogram 
F l  ow Diagram 
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5 U B F' R 0 G K A i ['I \+: ' :: , j?, ' . ? :? I-'\ 
o f  the  hour i s  ca lcu la tcd .  
4.5 The E l e c t r i c a l  Load Subprogram 
The e l e c t r i c a l  load subprogram depicted as a b lock diagram i n  
Figure 4.6, requ i res  an input ,  from the  main program, o f  t he  t ime  o f  
day and the  day of year (day). The nominal (WNOM) and the  seasonal ly 
adjusted r e s i d e n t i a l  e l e c t r i c a l  loads (WE) a re  ca l cu la ted  according t o  
Table 3.1 and Equation 3.18, respec t i ve l y .  The subprogram then asks 
the  user t o  type 1 f o r  t h e  average U.S. farm e l e c t r i c a l  load. An 
i n p u t  o f  any number but  1 w i l l  r e s u l t  i n  the  r e s i d e n t i a l  e l e c t r i c a l  
load. If a 1 i s  input ted,  the  farm machinery load (WMECH) i s  found 
according t o  Table 3.2 and summed w i t h  the  r e s i d e n t i a l  load t o  ge t  t h e  
t o t a l  e l e c t r i c a l  load. 
4.6 The Space Heating Load Subprogram 
The space heat ing load subprogram ( l l ) ,  shown i n  b lock  diagram form 
i n  Figure 4.7, ca l cu la tes  t h e  heat ing load f o r  an average o r  w e l l -  
insu la ted New England home based on a i r  temperature, wind v e l o c i t y  and 
wind d i r e c t i o n .  For the  we l l - i nsu la ted  home, conductive, convect ive and 
i n f i l t r a t i v e  heat losses are ca l cu la ted  from the f i r s t  f l o o r  o f  t h e  home 
through the wa l l  s, f l o o r s ,  c e i  1 i n g  , doors and windows. For the  average 
New England home, the  heat losses through t h e  basement wa l ls ,  f l o o r s  
and doors are a lso  taken i n t o  considerat ion.  Each o f  t he  var ious heat 
t r a n s f e r  surfaces i s  considered independently and, there fore ,  modi f i ca-  
t i o n  o f  t h i s  program t o  f i t  other  r e s i d e n t i a l  models i s  e a s i l y  
accompl i shed . 
I WE = WE + WMECH I 
1 CONTINUE L 
F I G U R E  1.6. BL-OCK DiAGRAM O F  THF L i F C 1 - R I C A L  L O A D  
SUBPR lGKL\P*l.l. 
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Figure 4.7. Block Diagram o f  t h e  Space 
Heating Load Subprogram 
4 . 7  
-. The Domestic Hot  Ma - ter .. -~ Subprogral;~ .. . 
The domest ic h o t  wa te r  (DHW) sub~)rogran~, shown as a b l o c k  diagram 
i n  F i g u r e  4.8, i s  used i n  b a s i c a l  l y  the  sailie f o rm  f o r  b o t h  t h e  WDTES 
models and t h e  IWFS model, except  t!;al; Sn t h e  WDTES models, energy i s  
s u p p l i e d  f rom t h e  HTS and i n  t h e  IWFS model, by t h e  ITS. The da ta  
i n p u t  t o  t h e  subprogram c o n s i s t s  of t h e  hour of day, t h e  i n l e t  wa te r  
t en i pe ra t i ~ re  from .the r l ~a i n  ( 'TCW) anti the i i c s i r e d  hot: water  o u t l e t  teni- 
p e r a t u r e  (THIJR) .  The WDTES o r  1WFS ~l~utle'!s and t h e  HTS o r  I.TS tank 
c a p a c i t y    nod el hus been p r e v i o n . 1 ~  sl)ccs f i c d  i n  t h e  il iain program and 
t h i s ,  i n  t u rn ,  s p e c i f i e s  whether t hc  DtIW energy i s  t o  be supp l i ed  by  
t h e  HTS o r  t h e  LTS i n  t h e  DHW subprogram. The h o u r l y  DHW demand and 
t h e  energy t-equirec! t o  supp ly  t h i s  dei~~and Is t h e n  c a l c u l a t e d .  I f  t h i s  
energy i s  a v a i l a b l e  i i ~  t h e  storacjc-? t a n k  and t h e  s to rage  temperatcrre i s  
g r e a t e r  o r  equal  t o  THWR, t h e  t o t a l  DtIW energy requ i rement  i s  s u ~ p l i e d  
by t h e  s torage.  If n o t ,  energy i s  supp l i ed  by t h e  s to rage  t o  r a i s e  t h e  
ho t  water  temperature t o  t h e  s to rage  temperature and t h e  remainder i s  
suppl i e d  by an aux i  '1 i a r y  source.  
4.3 --- The Low T w e r a t u r e  - . --- Thermal - -- .- .- -- Storage - -. Subprogram -
The low temperature ther i i la l  s!-orage siibprograrn, shown as a "'low 
diagram i n  F i g u r e  4.9, i s  q u i t e  s-ir11-i la ) .  Lo t h e  HTS subprogrdm. The 
i n p u t s  i n t o  t h e  subprogranl i r re  t h e  d e s i r e d  mass of H20 (EML) under 
examinat ion,  t h e  s p e c i f i c  hea t  (GPI.1) , the i n i  t i a ?  LTS temperature 
(TLTSI ) and t he  home basernen t . te~npi:rature. The ma.i n program has 
a l r e a d y  r e q u i r e d  t h e  use r  .to i n p u t  spe:: i f ic t ank  dimensions o r  tc; 
a1 low t h e  prograin t o  ca1culr;t-e t!?e iilininiurrr c.yl i n d r i c a l  su r f ace  area.  
The i n s u l a t i o n  t h i c ~ n e s s  and i t s  thi?r!iiill c o n d ~ ~ c t i v i t y  a r e  then  i n p u t t e d  
I *.. m _  *"... /,-..,'"-* --a**-"* INI,ET: HOUR OF DAY, INLET TEMPERATIIRE 
I AND D E S I R E D  OUTLET TEMPERATURE ., " .=. ** -> . 
. * . . . , - ~ - - - " . -  . .3k. 
REN) 1iOURl.Y DHW DEMAND I N  GALLONS I _ .- " .-_ - _ _  - -. . < -  i 
5 
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ESIRED OUTLET TEMP. 
Y 1':s 
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AIJXILI ARJ' PJ i:!.:rj!c!.! 
I II;IJRF_ '.I, t i ,  i l i t  D O M E S T I C  HOT WATER B L O C K  DIAGRAM. 
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I Nl'lJ'? : I X:-\ '  t , ( \ ' i ' l  Obi I'll 1 Ci<i4i':SS 14t'Jlj 
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F 1 GURE 4. 9. THE I.OW TFMt' i  ?.'.I !,'I-:!: i i i F '  Jll"iAL. S T O R A G E  
SIJp,p~()f ;p , \b l  [ I (',k,: I..) i ;~(- ,g,~, iA.  
(tilri f.hr pt-oqrim calcula tes  t h e  in i  t i a  l L'll; i nt.erndl c:tif~;.yiv ( !  1, 1: 
a11ci thcrma'l ' losses (QI-TOTL). T h e n ,  a f t e r  the systern a i i r l i y s i c  .I:< 
pe!'fonntld i n  Ulc! rr~rmin program, an energy balance on t l ~ r  I.TS i i .  tsladc, 
t h e  eficrgy removal from the LTS i s  calculated and the  I-1-S lu~!~pet ,at~.r~.c  
i s rlec-rc~sccl by /;his ai~ln~.ln t .
4 . l )  
. 'ihe -. .- . .- Sali!i;~~l,oj~~g9~~>?~4pyi?~!si\~, .. 
-!'II(: solar  r?noyy subproyraln [l  11 c;llculates -the ~ n t ~ f ~ i l  : ; + I  l ,?r 
,1?.!;.; (3.. 11; - i r ~  l;t~1'oi1y12 the ~ v i  ~~dowt;, As shown i n  log-it: f-"lo\;.a !:i i i l t l i  , i r l r :  
[" . iq~!i-+(I~ 10 ,  the  lllethod of cnlcl.rlation i s  straightforward ilnl:! i-c?::!ll.ipr.~. 
, . I ;  l l i e  in p n t s  to  e h p  ~tjI)1)b~0gk-;vrl . , ' . : '  ,. ' 
, . t '  :i ; I / ,  . . ; )-:,: ~ l , j y  ~ i i :  I:hp ; f ( ? n ~ ' ,  the  so la r  insola t ion and j;!.,p , . l t i ~ ! i +  c . ? ?  I : . ~  
! f;r:);:r' . . *~ci- i~lt  i n n  i s  a v a i l a b l e ,  the  subprogram calcula-tr.5 ; It.-.; ; \ l t t l !  9 
r ,  i ; :il!x!i(-e OF  t.hc beam sol ar radiat ion on the .Fi rst wi ntior:! i c '  .li- 
t ~ ~ :  !I? ii1c.r . F tltc.: window i s  receiving so la r  radia t ion and the  n~~ru#!~i -  ( I :  
..;il;ill.iii!l i ; ! . i t .  .i-, t a k i n y  place* The absorptance of the windovi ixr 
I :  ! I. i n ( .  ?;~:.>I!CQ ilngle i s  then ca'lc~.rldi;cd, Tf lc so ld r .  I - ~ ! I ~ : ! : - ! -  i ! , ) : ,  . 
r:i.i>:! 4 i I!.: tleci 'into 'i.l;s bean1 arid d i f fuse  components , and the  br!i>al 
,I+:. : !~r~ i :c \  l;.ior; i s  converted from i t s  60" col 1 ection or ien ta t ion  t c  L!K? 
or."r.nl.?!;io~\ of the window. The t o t a l  so la r  energy input thror!g? t i l e  
1.hr.l ,;rlo!.,! i s  t h e r ~  (:a1 car'lated and the control re turns  t o  perforin t h e  
;I ,c..u 1 i . l  i o r  uri l;hc r~ext windocf un t i l  the analysis  i s  perfornlcd :>!I :ci '! 
t ;u t~ !  i t windows. 
4 I f The - - -- Rankine -  Cycle Subprgram 
--P -- 
T ! . I , ~  Kdrlkine Cycle ( R C )  stlbprogram, shown i n  F i g u r e  4.11, 8 1  
1 y pr!:c!)~arnrnab le once the  s e r i e s  o f  curves representing niaxim?rm '11: 
CALCULATP SHADJ N(: 
_;___g 
1 
I I BEAI.1 AND DIFFUS t' (:ilPlPC)Nll~J'f'S 1 
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1 CONTINUE 1 
1 1 . 1 B l  O C k  DIAGRAM FOR THE R A N K I N E  CY( ;LC 
SUBPROGRAM. 
e t f i c i e n c y  as a  f u n c t i o n  0.f maxiniunl working f l u i d  t e n ~ p e r a t u r r  shown i n  
I I ~ L I I ' ~ '  3 .  l 7  clrP CUI'VC f i t t e d .  The RC Subprogrdi~r, w t ~ i c - 1 1  i i  f o r  t,tlt\ 
\*!DiiS lliodels on ly ,  has as  i npu t s ,  t h e  electrical ctlerqy r-ecl\rir.cci FI'OII~ 
t h e  RC (WREQ), t he  f r a c t i o n  o f  maximum Rankine Cycle t h e r ~ ~ i a l  e f f i c i e n c y  
(RI IKFCT'  and t h e  i n i t i a l  HTS and LTS temperatures. The assu~iied 
ternpet-ature d i f f e r e n c e  across t h e  HTS and LTS, 50°F and 25"F, r e -  
s p e c t i v e l y ,  a re  then used t o  c a l c u l a t e  t h e  maximum work ing f l u i d  tem- 
pe ra tu re  ( T  ) and t he  minimum work ing f l u i d  temperature ( T  ) Then, H I  L  0 
by rega rd ing  t he  curve  f i t  equat ions represented i n  F igu re  3.12 and by 
' l i nea r  i n t e r p o l a t i o n  f o r  va lues of  TLO between these curves,  t h e  maxilnum 
Rankine Cyc le  thermal e f f i c i e n c y  (ETA) i s  c a l c u l a t e d .  The actua7 RC 
thcrrl ial e f f i c i e n c y  i s  then c a l c u l a t e d  by m u l t i p l i c a t i o n  o f  ETA by t h e  
RNKFCT. Since t he  a c t u a l  thermal e f f i c i e n c y  and t h e  r e q u i r e d  e l  e c t r i  - 
c a i  energy ou tpu t  a r e  known, t h e  r e q u i r e d  heat t r a n s f e r  Q,, fro111 t he  HTS 
source and t h e  r e q u i r e d  r a t e  o f  hea t  t r a n s f e r  t o  t h e  LTS sink Q ETAL Can 
now be determined. 
4 . 1 1  The -- Mode o f  Operat ions and Swi tch ing  Logic  Model 
The sw i t ch ing  and o p e r a t i o n a l  mode model i s  t e c h n i c a l l y  a  p a r t  o f  
the main program, bu t ,  because i t  i s  t h e  c e n t r a l  c o n t r o l 1  i n g  l o g i c  f o r  
a11 t h ree  systems, i t  r e q u i r e s  c l o s e  cons ide ra t i on .  The model i s  based 
on the energy f l o w  l o g i c  which appears i n  Chapter I 1  f o r  each system. 
The model f o r  t h e  IWFS scheme i s ,  by f a r ,  t h e  most s t r a i g h t f o r w a r d  due t o  
t he  fac t .  t h a t  t he re  i s  no Rankine Cycle o r  h i g h  temperature thermal  
s to rage  f o r  t h i s  system. A diagram o f  t h i s  l o g i c  i s  i nc l uded  i n  
F igu re  4.12. The model f o r  t h e  WDTES Type I and Type I1  schemes i s  







i t '  
WDIL.5 systems a r e  Illore c o ~ i ~ p l e x  than t he  IWFS and r e q u i r e  f a r  g r e a t e r  
c l r~ !or r~~ls  o f  co l~~puter-  ti111e t o  ~)roct !ss.  A1 thougti the bas i c  loc j ic  f o r  
t t1~3sc sys  tenis i s  ac tua l  l y  qu i  t c  si1111)'lc t o  understand, t h c  sheer vo l  urne 
o i i o r ~ i i i  t i o r ~ s  t h a t  111ust be exaurined 111akes c c i r e f u l  t e s t i n g  o f  t h e  rnodel s  
essent i i ~  1 t o  r l~ in i r l i i ze  e r r o r s .  
4 .1  2 The - - . - - - Ou --. t p u  Su b p r o g r a ~ i ~  
The ou tpu t  subprograrn a1 1 ows each subsystem, r e l e v a n t  t o  a par -  
t i c u l a r  i l~odel ,  t o  be examined i n d i v i d u a l l y  hour by hour.  The o;_rtput 
subprogram then p r i n t s  and formats t h e  r e s u l t i n g  c a l c u l a t i o n s  i o  e i t h e r  
an hou r l y ,  d a i l y ,  o r  month ly  f ash ion .  The ou tpu t  r e s u l t s  p r i n t e d  
i n c l u d c  the i n p u t  c o n d i t i o n s ,  va r i ous  energy loads, energy d i s t r i b u t i o n  
tht-ougho~l t: t he  S.YS~CIII under cons ide ra t i on ,  and 111ost i n ~ p o r t a n t l y  , the  
, lux-i l i a r v  .pace heat ing,  e l e c t r i c a l  and dou~es t i c  h o t  water  loads .  
A sarilple h o u r l y  run ,  showing t h e  i n p u t s  and ou tpu ts  f rom t h e  p ro -  
yrcliil, i s  g i v e n  i n  F igures  4.1 5 and 4.16, r e s p e c t i v e l y .  (Temperatures 
(?rt, i n  degrees Farenhe i t  and energy va lues a r e  i n  k i l o w a t t - h o u r s . )  
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C H A P T E R  V 
ANALYTICAL SYSTEM PERFORMANCE 
-. - - . . - - -. - - - . - -. . . - . . - .- . , . . . - . . 
To represent  t he  IWFS and WDTES models' a n a l y t i c a l  performance 
c h a r a c t e r i s t i c s  i n  a coherent fashion,  t h e  r e l a t i o n s h i p  between each system 
under i n v e s t i g a t i o n  and i t s  imposed loads must f i r s t  be establ ished.  Only 
then can the  r e l a t i v e  m e r i t s  and drawbacks o f  each system be determined. 
Therefore, i n  t h i s  chapter,  each advanced wind furnace system was f i r s t  
considered r e l a t i v e  t o  the  imposed loads of a w e l l - i n s u l a t e d  New England 
residence, an average New England residence and an average New England 
farm. Then a comparison between systems was made. 
The imposed loads on t h e  system were modeled r e l a t i v e  t o  t h r e e  
d i f f e r e n t  values. The l oad  f o r  t he  w e l l - i n s u l a t e d  New England residence 
inc luded domestic ho t  water, a r e s i d e n t i a l  e l e c t r i c a l  load, and i t s  space 
heat ing  load.  The average New England residence i s  s i m i l a r  t o  t he  w e l l  - 
i n s u l a t e d  one except t h a t  t he  space heat ing  l oad  was about tw i ce  t h e  w e l l -  
i n s u l a t e d  residence's value. The average New England farm was taken t o  
have a s i m i l a r  domestic h o t  water load, t h e  average New England res idence 
space heat ing  load, and an average farm e l e c t r i c a l  load. I n  summary t h e  
t o t a l  annual energy loads f o r  the  w e l l - i n s u l a t e d  home, the  average home 
and the  average farm i n  New England are  26,576kWh 44,733kWh,and 55,684kWh, 
respec t i ve l y .  
Important parameters s tud ied  f o r  t h e  IWFS and WDTES systems were the  
t o t a l  auxi  1 i a r y  energy requ i red ,  the  auxi  1 i a r y  space heat ing  and e l e c t r i c i t y  
requi red,  the  mean LTS temperature, t he  WTG e l e c t r i c i t y  added t o  the LTS 
v i a  t he  r e s i s t a n c e  heaters ,  and t h e  WTG energy l o s t  due t o  t h e  f e a t h e r i n g  
of t h e  blades when t h e r e  was no system s to rage  capac i t y  remain ing.  I n  
a d d i t i o n  t o  those, c e r t a i n  parall leters were s t u d i e d  w i t h  t he  lWFS o r  WDTES 
n~odels  o n l y .  With t he  WDTES schemes, t he  Rankine Cycle ope ra t i on  t ime,  t he  
mean HTS tank temperature,  t h e  mean HTS and LTS tank temperatqres when t h e  
Rankine Cycle i s  opera t ing ,  and t h e  WTG e l e c t r i c i t y  added t o  t he  HTS were 
c a l c u l a t e d  f o r  bo th  100% and 75% o f  t he  "maximum" Rankine Cycle e f f i c i e n c y  
va lues.  I n  t h e  IWFS scheme t h e  o n l y  a d d i t i o n a l  parameter cons idered was 
t he  aux i  1 i a r y  domestic h o t  wa te r  energy requ i red .  
Each parameter was cons idered t o  be a  f u n c t i o n  o f  a t  l e a s t  one des ign 
v a r i a b l e  f o r  each system. For t h e  WDTES models, t h e  key v a r i a b l e  was con- 
c i de red  t o  be t ho  HTS tank  s i z e  and s i m i l a r l y ,  f o r  t h e  IWFS model t he  
I T S  tank s i z e .  The e f f e c t s  o f  those two key v a r i a b l e s  on t h e i r  r e s p e c t i v e  
system parameters were found by v a r y i n g  t h e i r  magnitudes f o r  each s e t  o f  
imposed loads .  I t  should be po in ted  ou t ,  t h a t  because t he  systems a r e  
s t a r t e d  w i t h  t he  t a n k ( s )  a t  68OF, t h e  a u x i l i a r y  energy requi rements o f  t he  
systems w i  11 tend t o  be overest imated and thus  i n  some cases a  s i g n i f i c a n t  
f r a c t i o n  of t h e  a u x i l i a r y  energy requi rements come d u r i n g  s t a r t  up 
D e t a i l e d  energy f l o w  diagrams f o r  a l l  t h r e e  systems d e p i c t i n g  each 
computer r u n  made a r e  s u m a r i z e d  i n  Appendix D. 
5.1 - I m ~ r o v e d  - Wind Furnace System Resu l ts  
Andl y t i c a l  r e s u l t s  f o r  t h e  Improved Wind Furnace System used i n  
con junc t i on  w i t h  t he  w e l l  i n s u l a t e d  New England res idence  a re  shown i n  
F igures  5.1 through 5.4. As can be seen i n  F igures  5.1 and 5.2 where 
a u x i l i a r y  energy requi rements a r e  shown as a  f u n c t i o n  o f  LTS tank s ize ,  
the  t o t a l  a u x i l i a r y  energy and t h e  a u x i l i a r y  space h e a t i n g  r e q u i r e d  by t h e  
IWFS 
RESIDENTIAL ELECTRlCAL LOAD 
WELL-INSULATED NEW ENGLAND 
RESIDENCE SPACE H E A T I N G  LOAD 
L T S  TANK SIZE (GAL. H 2 0 )  
FIGURE 5.1. TOTAL AUXILIARY ENERGY REQUIRED AS A 











L T S  TANK SIZE ( G A L .  H 2 0 )  
FIGURE 5 . 2 .  A U X I L I ~ R Y  S P A C E  HEATING AND 
A U X I L I A R Y  E L E C T R I C I T Y  R E Q U I R E D  
AS A F U N C T I O N  OF L T S  TANK S I Z E  
F I G U R E  5 . 3 .  A U X I L I A R Y  D O M E S T I C  HOT WATER R E Q U I R E D  
AND MEAN L T S  TANK TEMPERATURE AS A  
FUNCTION OF L T S  TANK S I Z E .  
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F i G U R E  5 . 4 .  WIND T U R B I N E  GENERATOR E L E C T R I C I T Y  
ADDED TO THE L T S  AND WTG ENERGY LOST 
DUE TO FEATHERING OF BLADES AS A FUNCTION 
O F  LTS  TANK S I Z E .  
IWFS decrease r a p i d l y  u n t i l  a 2,000 ga l .  tank s torage s i z e  i s  reached. 
Once t h i s  s i z e  tank i s  used, t he  a u x i l i a r y  space hea t i ng  requirement de- 
creases v i r t u a l l y  t o  zero and the  t o t a l  a u x i l i a r y  energy requirement de- 
creases t o  approx imate ly  10% o f  t he  t o t a l  energy load.  A lso  o f  i n t e r e s t  i n  
F igure  5.2 i s  the  a u x i l i a r y  e l e c t r i c i t y  requ i red  which remains cons tan t  
f o r  a l l  LTS tank s izes .  Th is  i s  due t o  t h e  f a c t  t h a t  i n  t h e  IWFS model, 
e l e c t r i c i t y  i s  the  f i r s t  p r i o r i t y  o f  the  WTG output ,  and the re  i s  no pro-  
v i s i o n  i n  t he  system f o r  another e l e c t r i c a l  energy source, such as t h e  
Rankine Cycle i n  t he  WDTES models. Th is  cons tan t  a u x i l i a r y  e l e c t r i c i t y  
requirement i s  a f ea tu re  w i t h  a11 t h e  IWFS imposed l oad  combinat ions a l -  
though t h e  amount o f  t h e  requirement w i l l  change w i t h  d i f f e r e n t  e l e c t r i c a l  
loads. F igures 5.3 and 5.4  show t h e  s t rong  interdependence, as a f u n c t i o n  
o f  LTS tank s i ze ,  o f  t h e  a u x i l i a r y  domestic h o t  water  requirement,  the  mean 
LTS tank temperature, t h e  WTG energy l o s t  due t o  f ea the r i ng .  As the  LTS 
tank s i z e  increases, i t s  capac i t y  t o  s t o r e  energy a l s o  r i s e s .  This  a l lows 
more WTG e l e c t r i c i t y  t o  be added t o  t h e  LTS and l e s s  l o s s  due t o  f ea the r i ng .  
Because so much more energy remains i n  t h e  system, t h e  average LTS tank 
temperature increases even though the  tank s i z e  has a lso .  The h igher  
average temperature and the  g rea te r  s to red  energy volume make t h e  s to red  
energy more ab le  t o  supply  energy t o  t h e  domestic h o t  water load  and t h e  
space hea t i ng  load, causing t h e  a u x i l i a r y  requirements t o  decrease. 
The IWFS model r e s u l t s  us ing  t h e  average New England res idence energy 
requirements a re  shown i n  F igures 5.5 t o  5.8. As i n  F igu re  5.1, F igure  5.5 
shows a minimum t o t a l  a u x i l i a r y  energy requi rement  a f t e r  t h e  2,000 ga l .  LTS 
storage s i z e  i s  reached. (Th is  minimum represents approx imate ly  28% o f  
t h e  44,733kWh imposed loads on t h e  system. ) I n  F igure  5.6, t h e  a u x i l i a r y  
I W F S  
R E S I D E N T I A L  E L E C T R I C A L  LOAD 
AVERAGE NEW ENGLAND R E S I D E N C E  
S P A C E  H E A T  r NG L O A D  
L T S  TANK SIZE ( G A L .  H,O) 
E I ( ; V R E  5 .  5 .  T O T A L  A U ' I I  L I A R Y  E N E R G Y  R t Q I J I P t r r  A S  4 
F U N C T I O N  OF L T S  rANK SIZE. 
F I G U R E  5 . 6 .  A U X I L I A R Y  SPACE H E A T I N G  AND A U X I L I A R Y  
E L E C T R I C I T Y  REQUIRED AS A  FUNCTION O F  
L T S  TANK S I Z E .  
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- 1 R 5. 7 P.UX 1 L I AK.'I L l O M t S ~ r  I!: H O T  WAT-EK R E Q J  I R E [ :  
AND MEAN L T S  T A N K  TEMPEKATUPFI  A S  A 
F L i N C T l O N  O F  L T S  TAPJK S I ZE. 
L T S  TANK S I Z E  ( G A L .  H 2 0 )  
F I G U R E  5 . 8 .  WIND TURBINE GENERATOR E L E C T R I C l T Y  
ADDED TO THE L T S  AND WTG ENERGY L O S T  
DUE T O  FEATHERING OF BLADES AS A 
- .  - . .  - -  . - -  - -  .... - - - -  
<,()act hed t i  n g  and e l e c t r i c i t y  rerlui rel~lents a re  shown. I t  should b r  noted 
t.tiat the auxi 1 iary  e l e c t r i c i t y  requireiilent i s  exactly the sallle rclr the 
average New England residence and the we1 1 insulated residence. However, 
r t;e agni l iary  domestic hot water requirements and the mean LTS tank ter~i- 
I 'czr.arure c u r v e s  shown in Figure 5 . 7  show a marked diss inl i lar i ty  t n  the 
: ~ r v e i :  ~ I I  F i i ~ ~ l r - e  5 . 3  for  the well-insulated hon~c, Figure 5.8 can l i v e  
-: t s iqt : l ;  lilt9 the reasons fo r  these di f ferences .  I n  Figure 5 . 8  as I T S  tank 
C I Z ~ -  i n c r t j c?ses ,  ii~ot-e WTG e l e c t r i c i t y  i s  supplied t o  the LLTS and less  i s  
l c s t  due t o  Feattiering of the blades. However, t h i s  increase i n  added 
cneryv i s  riot large enough to  increase the mean tank te~riperature of the 
ITS  a t  s izes  over 1000 gallons as shown in Figure 5 . 7  because of t i e  large 
space heatjng load and the greater  LTS mass. This causes the maxi;~ium 
nean LTS tank temperature t o  occur a t  a tank s i ze  of approximately 1000 
,!a1 lens d n d  a.!so s e t s  a minimum auxi l iary  domestic hot water requirement 
I L  ! '11: \ i ( > i i : L  
:.;;. !lth~torrlla!ice of  the average New England fdrln appl icatiotl o f  the 
, l l ; i  5 ; . icxi t . l  i:. shown in Figures 5.9 t o  5 . 1 2 .  As car1 be seen i r i  r icj:li-e 5 . 9 ,  
:'is 111i  rii!;x~lv to ta l  auxi 1 iary  energy requirement fo r  the far111 occurs again a t  
ci ie %!jC)G ~ z a i  l c ; n  L I S  tank s i z e ,  and represents about 37"; o f  t h e  t o t < l l  energy 
! - !?q!~i l -emeri t<,  o f  the farm. Since the farm model has greater  e l ec t r i c a l  
? o ? r g  .i ~ P G I J ~  rements than does the residence, illore WTG e l e c t r ~ c i  t y  rilust be 
* -,;t su?;l l e d  t o  the e l ec t r i c a l  load, leaving l e s s  f o r  the space tieatiqg 
a l r i  domastir: h o t  water loads. This causes a l l  the farm auxil-iary klnergy 
r;iqlrir.ements, shown in Figures 5.70 and 5.1 1 ,  t o  increase over the cor- 
r-esl~otiding requi rements in Figures 5 .6  and 5 .7  fo r  the average re;; dential 
L T S  TANK S l Z E  ( G A L .  H 2 0 )  
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F I G U R E  5 . 9 .  TOTAL A U X I L I A R Y  ENERGY R E Q U I R E D  
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F I G U R E  5 . 1 1 .  A U X I L I A R Y  DOMESTIC HOT WATER REQUIRED 
AND MEAN LTS TANK TEMPERATURE AS A  
F U N C T I O N  O F  L T S  TANK S I Z E .  
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i i G ! J R E  5 .  1 2 .  W I ND T b K B  I I'dE GEPJFRATOR FLEC T i '  I ( :  I T Y  
ADDED ..PO THE I L T S  AND W T G  E N E i l G ?  L O S i  
DUE TO FEATHERING OF BL.A!)PS fi,?; 
F U N C T l O N  OF L T S  TANK S I Z E .  
a p p l i c a t i o n .  Al though more o f  t he  WTG energy i s  u t i l i z e d ,  as can be seen 
by compar i !~g F igures 5.12 and 5.8, t h e  lnean LTS tank temperature i s  s t i l l  
l e i s ,  a s  seen i n  F igures 5.11 and 5.7, f o r  the  fa rm a p p l i c a t i o n  due t o  t he  
d i v e r s i o n  o f  WTG energy t o  the  much l a r g e r  e l e c t r - i c a l  load.  
5.2 k i i  . - nd -. - Driven  - - -- Tota l  --  E n e r w  System, .. .- - Type -- I Resu l ts  -~ - --
The Wind D r i v e n  To ta l  Energy Sys te~~ i ,  Type I perfon~iance r e t i u l t s  f o r  the 
wcll-irisuiated New England t-esidence s e t t i n g  a re  represented i n  F iyures  
5 .13  tl3roug:i 5.19. For a l l  WDTES runs rnade, i t  was found t h a t  i r l c reas ing  
the  L T S  tank s i z e  o v e r  2000 ga l l ons  would n o t  inc rease  system pe~ fo rmance  
s i g n i f i c a n t l y ,  b u t  t h a t  decreasing LTS tank s i z e  t o  1000 gal  1 ons would 
decvease performance. As shown i n  F igu re  5.13, t he  o~inimum to ta7  a u x i l i a r y  
energy requirement f o r  t he  WDTES, Type I system w i t h  a 100% and 75% 
"nlaximurn" e f f i c i e n c y  Rankine Cycle subsystem a r e  approx imate ly  6% and 7% 
o f  thc 24,516kWh imposed load,  r e s p e c t i v e l y ,  w i t h  t h e  rnininiunl occu r i ng  a t  
t.lw 250 gallon HTS tank s i z e  w i t h  "maximum" RC e f f i c i e n c y .  O f  t h i s  pe r -  
!.:ent,~ye, a l a r g e  p o r t i o n  o f  t he  space hea t i ng  and the  domestic h o t  water  
auxil?ary energy i s  r e q u i r e d  d u r i n g  the  s t a r t  up per iod ,  and thus t h e  
c,ystcni once i n  o p e r a t i o n  i n  t h i s  s e t t i n g  should o n l y  r e q u i r e  some u t i l i t y  
s u p p l i e d  e l e c t r i c i t y  occas iona l l y .  Th i s  i s  cor robora ted  by F igures 5.14 
and 5 .15 .  I t  should be noted t h a t  t h e  e f f e c t s  o f  decreased Rapkine Cycle 
e f f i c i e n c y  cause t h e  system t o  r e q u i r e  l e s s  low grade space hea t i ng  energy 
b d t  triore h igh  grade e l e c t r i c a l  energy. Also, as seen i n  F igures  5 . 1 5  
t t l rouyh 5 . 1 ~ ~  t he  decreased RC e f f i c i e n c y  f o r  t he  g i ven  HTS tank s i z e  
causes t he  HTS t o  operate a t  a  lower  mean tank temperature annua l l y  and 
d ~ r i n g  the RC o p e r a t i o n  per iods .  This  lower  mean HTS temperature causes 
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niore o f  the  WTG energy t o  be added t o  the HTS and less  t o  the LTS, bu t  
i t  a1 so keeps the HTS temperature be1 ow the ririniniuril 400°F te~~ ipe ra  t u r e  
requ i red  f o r  RC opera t ion  more o f  the  t ime and thus the  Rankine Cycle 
does no t  operate as f requent ly .  The annual mean tank temperature and 
the mean tank temperature du r ing  RC opera t ion  shown i n  Figures 5.16 and 
5.17, can g i ve  an i n d i c a t i o n  t o  the design temperatures requirements o f  
the Rankine Cycle components such as the  heat exchangers and the  t u r b i n e  
and a l so  can he lp  i n  the  choice o f  baseboards and hot  water c o i l s  f o r  
the system. Figure 5.18 shows t h a t  w i t h  increas ing HTS tank s ize ,  more 
WTG energy i s  added t o  the  HTS, leav ing less  a v a i l a b l e  f o r  the  LTS. Another 
important  e f f e c t  o f  decreased Rankine Cycle e f f i c i e n c y  i s  shown i n  
Figure 5.19. For a  given HTS tank s ize ,  the  amount o f  heat which must be 
re jec ted  from the LTS t o  prevent b o i l i n g  i s  g reater  w i t h  decreased RC 
e f f i c i e n c y .  This i s  due t o  the  f a c t  t h a t  t he  amount o f  heat re jec ted  
from the condenser o f  the  Rankine Cycle must be greater  f o r  a g iven 
requ i red  RC ou tput  w i t h  a  l e s s  e f f i c i e n t  Rankine Cycle. 
The a n a l y t i c a l  r e s u l t s  f o r  the  WDTES, Type I system when used i n  con- 
j u n c t i o n  w i t h  the  average New England residence model a re  shown i n  ~i gures 
5.20 through 5.26. As i nd i ca ted  i n  F igure 5.20, the  minimum t o t a l  
a u x i l i a r y  energy requirement f o r  the  ssytem, w i t h  maximum Rankine Cycle 
e f f i c i e n c y ,  i s  less  than 28% of the  44,733kWh t o t a l  energy requirements f o r  
a  100 ga l l on  HTS. The use o f  the  WDTES, Type I scheme f o r  t h i s  a p p l i c a t i o n  
does no t  s i g n i f i c a n t l y  a f f e c t  t h e  a u x i l i a r y  e l e c t r i c i t y  requirements, the 
Rankine Cycle opera t ion  time, the  WTG e l e c t r i c i t y  added t o  the  HTS thermal 
storage and the  HTS temperatures when compared t o  the we l l - i nsu la ted  home 
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a p p l i c a t i o n .  Th i s  can be i n f e r r e d  i f  F igures  5.22 through 5.25 a re  
compared w i t h  F igures  5.15 through 5.18. The main d i f f e rences  between 
the  system's performance i n  t h e  two a p p l i c a t i o n s  i s  i n  t h e  e f f e c t s  of t h e  
h igher  space hea t i ng  l o a d  which can be seen by comparing t h e  a u x i l i a r y  
requirements i n  F igures  5.21 and 5.14. Because t h e  energy sen t  t o  t h e  
space h e a t i n g  l oad  i s  removed f rom the  LTS, t he  temperature i n  t h i s  tank  
i s  much lower ,  as shown by corr~paring F igures  5.23 and 5.24 w i t h  5.16 and 
5.17, than  i t  would be w i t h  t h e  l owe r  hea t i ng  l oad  model. Th i s  e f f e c t  
takes p l ace  i n  s p i t e  o f  t he  f a c t  t h a t  more o f  t h e  WTG e l e c t r i c i t y  i s  added 
t o  t h e  LTS and l e s s  system energy i s  wasted f rom t h e  LTS through t h e  a i r -  
coo led hea t  exchanger and f rom t h e  NTG by f e a t h e r i n g  t h e  b lades as shown 
i n  F igures  5.25, 5.26, 5.18 and 5.19. 
The use o f  t h e  WDTES, Type 1 model w i t h  t h e  average New England fa rm 
i s  dep i c ted  by F igures  5.27 t o  5.33. These F igures  revea l  t h e  e f f e c t s  o f  
h i g h e r  e l e c t r i c a l  energy demands on t h e  system, which has a minimu111 t o t a l  
a u x i l i a r y  energy requi rement  o f  about 49:; o f  t he  55,684kWh imposed loads 
w i t h  a  100 g a l l o n  HTS. A l though a 50 g a l l o n  HTS may r e q u i r e  s l i g h t l y  l e s s  
a u x i l i a r y  energy, l a r g e  f l u c t u a t i o n s  i n  t h e  RC t u r b i n e  i n l e t  temperature 
make t h i s  i m p r a c t i c a l .  The a u x i l i a r y  space hea t i ng  requ i re~nen ts  and t h e  
mean LTS tank ter r~perature f o r  t h e  w e l l  i n s u l a t e d  home and t h e  farm a p p l i c a t i o n  
a r e  v i r t u a l l y  t h e  same as seen i n  a  comparison o f  Figure.5 5.28 and 5.21, 
o r  5.30 and 5.23. The a u x i l i a r y  e l e c t r i c a l  requi rements f o r  t h e  two uses 
va ry  g r e a t l y  however, w i t h  t h e  farm a p p l i c a t i o n  r e q u i r i n g  a much g r e a t e r  
a u x i l i a r y  e l e c t r i c i t y  supply  as can be seen i n  a  comparison o f  F igures  
5.29 and 5.22. Th i s  h i g h  a u x i l i a r y  requi rement  i s  due t o  t h e  r a p i d  de- 
p l e t i o n  of t h e  energy s t o r e d  i n  t h e  HTS, which i s  i n d i c a t e d  i n  F igures  
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5.30 and 5.31 by the low mean HTS temperature and the low HTS temperature 
when the Rankine Cycle i s  operated. Even though l i t t l e  WTG energy i s  
wasted by the system i n  t h i s  s e t t i n g  as show11 by Figures 5.32 and 5.33, 
the HTS temperature i s  a t  a low l e v e l  when RC opera t ion  i s  required.  
This low HTS temperature causes a low thermal e f f i c i e n c y  dur ing RC operat ion, 
causing a huge heat r e j e c t i o n  r a t e  i n  the  condenser and i n  t u r n  r e q u i r i n g  
the waste o f  LTS heat re jec ted  through the a i r  cooled heat exchanger, 
shown i n  Figure 5.33. Also, because o f  t h i s  low RC e f f i c i e n c y ,  the HTS i s  
drained o f  so much energy t h a t  the  temperature drops below the  requ i red 
: ' 0  
400°F f o r  RC operat ion and the Rankine Cycle operates in f requen t l y  as shown 
i n  Figure 5.29. 
5.3 - Wind Driven Total  Energy System, Type I1  Results 
The app l i ca t ion  o f  the  WDTES, Type I I  scheme t o  the we l l - i nsu la ted  
New England residence model i s  a s t r i k i n g  example o f  how Wind Turbine 
Generator energy can be u t i l i z e d  i n  an e f f i c i e n t  manner t o  supply v i r t u a l l y  
a l l  o f  the energy requirements o f  a residence. As can be seen i n  Figure 
5.34 the minimum t o t a l  a u x i l i a r y  energy required by the  system i s  on ly  
about 4% of the  26,516kWh t o t a l  energy requirements o f  t h i s  home i f  a 100 
g a l l o n  HTS tank i s  employed. The d i v i s i o n  o f  t h i s  t o t a l  load i n t o  i t s  
a u x i l i a r y  space heat ing and e l e c t r i c i t y  requirements i s  shown j n  Figures 
5.35 and 5.36. As w i t h  the WDTES, Type I model, the  a u x i l i a r y  domestic ho t  
water requirements of t h i s  system are v i r t u a l l y  zero. (Since most o f  the  
a u x i l i a r y  energy requirement takes place dur ing the s t a r t  up i n t e r v a l ,  t h i s  
system i n  the  we l l - i nsu la ted  home s e t t i n g  can t r u l y  be considered as a 
t o t a l  energy system.) The h igh e f f i c i e n c y  o f  the  system i s  shown i n  
Figure 5.40. Out of the  40,361kWh o f  e l e c t r i c i t y  capable o f  being produced 
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annually by the WTC about 14,000kWll i s  no t  used t)y the system due to  
tea theri  ng 0 1 '  the blades (assu~ni ng II I JX  ~ I I I U I I I  ItC t1 f l  i c  ivl\cy and 100 gal  lon 
HTS) and could be used fo r  other purposes such as  a return t o  the u t i l i t y  
gr id .  The remaining 26,60OkWh, along with the very small to ta l  auxil iary 
requirement supplies the 25,516kWh to ta l  energy load of the home in a 
very e f f i c i en t  manner. Also, as  shown in Figures 5.37 and 5.38, the mean 
annual tank temperatures and the mean tank temperatures when the Rankine 
Cycle i s  on, for  both the HTS and the LTS, a re  a t  suf f ic ien t ly  high tem- 
peratures t o  allow high RC efficiency and readily available energy dis-  
t r ibut ion to  the space heating and domestic hot water loads. The e f fec t s  
of increasing HTS tank s i ze  and turbine efficiency can be seen in Figure 
5.39. As HTS tank s i ze  increases, more energy can be added to  the HTS, 
leaving less  t o  be diverted to  the LTS. Lower turbine efficiency (as  
shown by the 75% qmax l i ne s )  causes a higher source heat requirement from 
the R C ,  depleting the HTS more rapidly and hence, allowing more WTG energy 
t o  be supplied to  the HTS. 
The application of the WDTES, Type I1 system to the average New 
England residence i s  shown in Figures 5.41 t o  5.47. This system requires 
a minimum to ta l  auxil iary energy requirement of 27% of the to ta l  energy 
load of 44,733kWh, as  seen i n  Figure 5.41. Because the largest  portion 
of t h i s  requirement i s  fo r  auxi l iary space heating, as shown in Figure 5.42, 
and a minimal amount i s  for  auxil iary e l e c t r i c i t y ,  shown i n  Figure 5.43, 
an interest ing possibi l i ty  a r i ses .  As previously noted, a large portion of 
the small auxil iary e l e c t r i c i t y  requirement takes place during the s t a r t  
u p  duration. For this reason, the WDTES, Type I1 system i n  an average, 
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and also a well insulated residential setting could be made independent 
of u t i l i ty  transmission lines. If the auxiliary space heating requirement 
of the system could be supplied by non-conventional means ( i  .e.  solar 
col 1 ectors) the whole residence coul d be made corr~pl etely independent of 
al l  u t i l i t i e s ,  insulating the resident from escalating fuel prices, con- 
ventional installation costs and possible black-outs and brown-outs. As 
can be seen in Figures 5.44 and 5.45, the HTS and LTS mean tank temperatures 
bo th  annually and during Rankine Cycle operation are a t  acceptable levels 
for high RC efficiency and space heating and domestic hot  water supply, 
although the LTS temperatures are somewhat lower than for the well-insulated 
home application, shown in Figures 5.37 and 5.38. 
Even with the higher electrical load of the average New England farm 
setting, the WDTES, Type I1 scheme requires only about 34% of the 55,684kWh 
total farm energy loads as an auxiliary requirement, i f  a 250 gallon HTS 
tank i s  used, as shown in Figure 5.48. The auxiliary space heating and 
electrical requirements of the system in the farm application are shown 
in Figures 5.49 and 5.50 respectively. I t  should be noted t h a t  in the 
farm application the auxiliary electrici ty required, a t  a11 I iTS tank 
sizes considered, i s  significant and must be supplied by the u t i l i ty .  The 
effect on the system of the large electrical load, when compared t o  the 
average residence i s  t h a t  when the Rankine Cycle i s  operating, although i t  
operates less frequently as shown in Figures 5.50 and 5.43, a large electri-  
cal output i s  required from i t .  This lowers the HTS tank temperature b o t h  
annually and when the RC i s  operating shown by comparing Figures 5.51 and 
5.52 t o  5.44 and 5.45. Because the HTS temperatures are lower, a larger 
amount of WTG electricity i s  supplied t o  the HTS and less t o  the LTS as 
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shown i n  Figures 5.53 and 5.46. This a l so  tends t o  keep LTS temperature 
low, as given i n  Figures 5.51 and 5.52. And, s ince a la rge  output  i s  
requ i red from the RC when i t  operates, the  heat re jec ted  from the condenser 
tends t o  overheat the  LTS a t  t imes causing a l a r g e r  energy flow through 
the a i r  cooled heat exchanger, seen by comparing Figures 5.54 and 5.47. 
This a l so  tends t o  keep average annual LTS temperatures lower because the 
energy i s  n o t  s tored over a per iod o f  t ime i n  the  LTS bu t  re jec ted  t o  the  
outs ide a i r  through the a i r  cooled heat exchanger, thus leav ing  the system. 
5 .4  System Performance Comparisons 
A comparison o f  system performance f o r  the three advanced wind 
furnace systems i s  best  accomplished by examining the performance trends 
o f  a1 1 systems when the same load models a re  appl ied t o  them. I n  t h i s  
way, favorable trends i n  the performance c h a r a c t e r i s t i c s  o f  each system 
can become apparent. 
The we l l - i nsu la ted  New England residence model i s  shown w i t h  the  
three systems i n  Figures 5.1 through 5.4, 5.13 through 5.19 and 5.34 
through 5.40. As seen i n  Figures 5.1, 5.13 and 5.34, both WDTES models 
o f f e r  a lower t o t a l  a u x i l i a r y  energy requirement than the IWFS model, 
w i t h  the  WDTES, Type I1  model, us ing a 100 g a l l o n  HTS, being the best  o f  
these. An examination of Figures 5.2, 5.14, 5.15, 5.35 and 5.36 shows 
t h a t  f o r  LTS tank s izes greater  than 2000 gal lons, the  IWFS uses the l e a s t  
a u x i l i a r y  space heat ing  and a lso  t h a t  the  WDTES, Type I 1  model uses the 
l e a s t  a u x i l i a r y  e l e c t r i c i t y  by f a r .  These conclusions a re  a l s o  corrob- 
orated by Figures 5.55 and 5.56 which show the f r a c t i o n  o f  the  space 
heat ing load and the f r a c t i o n  o f  the e l e c t r i c a l  load t o  be suppl ied by 
the  a u x i l i a r y  f o r  each o f  the  systems. Rankine Cycle operat ion t ime f o r  
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t h e  WDTES schemes, as shown i n  F igures  5.15 and 5.36, a r e  much l e s s  f o r  
t h e  WDTES, Type 11 model because w i t h  t h i s  system a  d i r e c t  supply  o f  WTG 
e l e c t r i c i t y ,  v i a  t h e  power c o n d i t i o n e r ,  t o  t h e  e l e c t r i c a l  l o a d  i s  pos- 
s i  b l e .  U n l i k e  t he  WDTES models, t he  a u x i l i a r y  domestic h o t  wa te r  r e -  
quirement f o r  t h e  IWFS model i s  s i g n i f i c a n t ,  as g i ven  by F igu re  5.3. 
Because o f  t h e  l oad  model 's  low space h e a t i n g  load,  t h e  average LTS tank 
temperature f o r  a l l  t h r e e  models a t  a l l  tank s i zes  cons idered a r e  s u f -  
f i c i e n t l y  h i gh  f o r  t h e  supply  o f  forced h o t  water  t o  baseboards, as 
g iven  i n  F igures 5.3, 5.16 and 5.37. By examining F igures  5.16, 5.17, 
5.37 and 5.38, i t  can be shown t h a t  t he  mean HTS tank  temperature i s  
h i ghe r  f o r  t he  WDTES. Type I1 scheme, b u t  t h a t  t h e  HTS tank  temperature 
d u r i n g  RC ope ra t i on  i s  h i ghe r  f o r  t h e  WDTES, Type I model. Th i s  r e s u l t  
i s  brought  about because t h e  Rankine Cyc le  i n  t he  WDTES, Type I model 
operates Illore f r equen t l y  and a t  a  h i ghe r  ou tpu t  l e v e l  than on t h e  Type I 1  
n~odel .  Th is  tends t o  dep le te  t h e  energy i n  t he  tank more q u i c k l y ,  and 
causes i t  t o  drop below the  400°F mininiuni RC o p e r a t i o n  temperature more 
o f t en .  An example of t he  h i gh  energy ou tpu t  l e v e l s  r e q u i r e d  froni  t he  WDTES, 
Type I Rankine Cyc le  can be seen by comparing F igures  5.19 and 5.40. 
W i  t h  t he  Type I I model , t h e  RC i s  o n l y  used t o  augment t h e  WTG e l e c t r i c a l  
ou tpu t  t o  t h e  e l e c t r i c a l  l o a d  and t h e r e f o r e  t h e  condenser hea t  r e j e c t e d  i s  
smal l  and r e q u i r i n g  t h e  a i r  coo led  heat  exchanger t o  opera te  i n f r e q u e n t l y .  
Conversely,  t he  RC i n  t h e  Type I model i s  t h e  s o l e  s u p p l i e r  o f  e l e c t r i c i t y  
f o r  the  system and t h e r e f o r e  r e j e c t s  a  l a r g e r  amount o f  hea t  through t h e  
condenser, r e q u i r i n g  more a i r  coo led  heat  exchaqger hea t  r e j e c t i o n  t o  
p reven t  bo i  1  i ng . A1 so t o  be cons i  dered i s  t h e  WTG energy 1  os t due t o  
f e a t h e r i n g  of blades, shown i n  F igures  5.4, 5.19 and 5.40. The IWFS 
loses the most energy i n  t h i s  way, and the WDTES, Type I model, the  
l e a s t .  I f  a b a t t e r y  storage subsystem were employed w i t h  the  IWFS model, 
the  p o s s i b i l i t y  would a r i s e  f o r  s t o r i n g  some o f  t h a t  overf low energy ra the r  
than feather ing the  blades, thus decreasing the system's h igh a u x i l i a r y  
e l e c t r i c i t y  requirement. 
The app l i ca t ion  o f  the three systems t o  the average New England 
residence load model i s  shown i n  Figures 5.5 t o  5.8, 5.20 t o  5.26 and 
5.41 t o  5.47. As given by Figures 5.5, 5.20 and 5.41, the  t o t a l  a u x i l i a r y  
energy requirement o f  the three systems i s  v i r t u a l l y  the same, w i t h  the 
WDTES, Type I 1  scheme having the lower value by a small amount. Figures 
5.6, 5.7, 5.21, 5.22, 5.42 and 5.43 show these energy requirements broken 
down i n t o  t h e i r  space heating, e l e c t r i c a l  and domestic h o t  water ( f o r  the  
IWFS) a u x i l i a r y  energy components. A comparison o f  the  f r a c t i o n  of the  
space heat ing load t o  be suppl ied by a u x i l i a r y  means f o r  each o f  the  
systems i s  shown i n  Figure 5.57. This f i g u r e  shows t h a t  f o r  LTS tank 
sizes o f  1000 gal lons o r  greater,  the IWFS niodel requ i res  the l e a s t  
amount o f  a u x i l i a r y  space heat ing of any of the  systems. Because u t i l i t y  
e l e c t r i c i t y  i s  the most expensive a u x i l i a r y  energy supply and a very small 
a u x i l i a r y  e l e c t r i c i t y  requirement may i n d i c a t e  the p o s s i b i l i t y  o f  e l e c t r i c a l  
u t i l i t y  independence, the WDTESy Type 11 mode1 (which has i t s  a u x i l i a r y  
e l e c t r i c a l  energy requirements compared t o  the  o ther  systems i n  Figure 5.58), 
has the best  a u x i l i a r y  energy requirement charac te r i s t i cs .  A comparison 
o f  Figures 5.25 and 5.46 show g raph ica l l y  a basic d i f f e rence  between the  
WDTES schemes. The Type I systeminputs a f a r  greater  amount of WTG 
e l e c t r i c i t y  t o  the HTSy i n  a l l  cases, than the Type I 1  system, because the 
Type I 1  system on ly  inputs  excess WTG e l e c t r i c i t y  a f t e r  s a t i s f y i n g  the 
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e l e c t r i c a l  load.  A lso  shown i n  these f i g u r e s  i s  t h a t  t h e  Type I 1  system 
i n p u t s a  g r e a t e r  amount o f  WTG e l e c t r i c i t y  t o  t h e  LTS than  t h e  Type I 
systeoi. The h ighe r  mean HTS temperature w i t h  t h e  Type I 1  system, as 
showri i n  F igures 5.23 and 5.44 niakes t h a t  happen. Because o f  t h a t ,  t h e  
HTS i n  t h e  Type I 1  system goes over  8 0 0 0 ~  lrlore o f t e n  a1 l o w i n g  WTG 
e l e c t r i c i t y  t o  f l o w  t o  t h e  LTS tank r e s i s t a n c e  hea te rs .  
The e f f e c t s  t h a t  t h e  l a r g e  e l e c t r i c a l  l oad  o f  t h e  average New 
England fa rm model has on t he  t h r e e  systems a re  shown i n  F igures  5.9 
th rough 5.12, 5.27 through 5.33 and 5.48 th rough 5.54. A  comparison 
o f  F igures  5.9, 5.27 and 5.48 shows t h a t  t h e  WDTES, Type I 1  model r e q u i r e s  
t h e  l e a s t  a u x i l i a r y  energy i n p u t  t o  t h e  va r i ous  imposed loads.  A l though 
t he  Type I 1  system does n o t  supply  as much o f  t h e  space h e a t i n g  l o a d  as 
t he  Type I systeni o r  t h e  IWFS does, as shown i n  abso lu te  va lues i n  
F igures 5.10, 5.28 and 5.49 o r  i n  F igu re  5.59 f o r  a  comparison i n  terms 
o f  f r a c t i o n  o f  space h e a t i n g  l o a d  supp l i ed  by a u x i l i a r y ,  t h e  a b i l i t y  o f  
t h e  sys te~ l l  t o  supply  t h e  e l e c t r i c a l  requi rements i s  by f a r  t h e  bes t .  As 
g iven  i n  F igures  5.10, t h e  IWFS model has no e l e c t r i c a l  supp ly  subsystem 
o t h e r  than t h e  WTG and t h e  u t i l i t y ,  and thus  i s  dependent on t h e  WTG o u t -  
p u t  c o i n c i d i n g  w i t h  t h e  e l e c t r i c a l  load.  The WDTES, Type I model 's  i n -  
a b i l i t y  t o  supp ly  t h e  e l e c t r i c a l  l o a d  e f f e c t i v e l y  i n  t h i s  h i g h  e l e c t r i c a l  
l oad  case i s  shown g r a p h i c a l l y  i n  F igure  5.60. Because o f  t h e  huge RC 
ou tpu t  r e q u i r e d  by t h e  Type I system, t h e  HTS tank i s  c o n t i n u a l l y  dep le ted .  
When the  HTS i s  a b l e  t o  i n p u t  energy t o  t h e  RC i t  i s  g e n e r a l l y  a t  a  low 
ter r~perature caus ing low RC e f f i c i e n c y  and hence h i g h  condenser hea t  r e j e c t i o n  
r a t e s  and h i g h  a i r  coo led  hea t  exchanger d ischarge  as can be i n f e r r e d  f rom 
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Figures 5.31 and 5.33. The Type I 1  system, because the RC i s  o n l y  r e -  
qu i red t o  augment the WTG output  t o  the  e l e c t r i c a l  load, has a h igher 
HTS mean temperature annual ly  and dur ing RC operat ion which i s  shown by 
comparing Figures 5.52 and 5.31. This gives r i s e  t o  h igher thermal 
e f f i c i e n c y  f o r  the  Rankine Cycle. These two e f f e c t s  couple t o  y i e l d  low 
condenser heat r e j e c t i o n  ra tes  and thus, lower use o f  the  a i r  cooled heat 
exchanger, as shown by comparing Figure 5.54 w i t h  Figure 5.33. F i n a l l y ,  
even though the  IWFS model requ i res  a l a r g e  amount o f  a u x i l i a r y  energy, 
i t  wastes an amount o f  WTG energy many times greater  than both the  WDTES 
models do, as shown i n  Figures 5.12, 5.33 and 5.54. 'This basic drawback 
o f  the IWFS model occurs w i t h  a l l  the  imposed load combinations considered 
and impl ies  t h a t  changes i n  the  model design, such as the  use of b a t t e r i e s  
f o r  e l e c t r i c a l  energy storage, mentioned e a r l i e r ,  may improve t h e  per- 
formance o f  the  system. 
The WDTES, Type I 1  scheme i s  the  optimum system considered f o r  a l l  
th ree imposed energy load models. For the  w e l l  i nsu la ted  New England 
residence se t t i ng ,  assuming "maximum" Rankine Cycle e f f i c i e n c y ,  a 100 
ga l l on  HTS tank should be used w i t h  the  system f o r  min-imum a u x i l i a r y  
energy requirements. Although a c lose examination o f  Figure 5.41 would 
seem t o  i n d i c a t e  t h a t  a 50 ga l l on  HTS should be used w i t h  the  Type I 1  system 
i n  the  average New England residence s e t t i n g ,  i t  was found t h a t  so small 
an HTS tank produced w i l d  t u r b i n e  i n l e t  temperature f l uc tua t ians ,  making 
the 100 g a l l o n  HTS more des i rab le .  F i n a l l y ,  f o r  use w i t h  the  average 
New England farm se t t i ng ,  the  250 ga l l on  HTS tank size, assuming "maximum" 
Rankine Cycle ef f ic iency,  requ i res  the l e a s t  a u x i l i a r y  energy i n p u t  t o  
the  system, making i t  the most des i rab le  tank s i ze  based on energy e f f i c i e n c y .  
I t  has been shown t h a t  t h e  WDTES, Type I 1  model, us i ng  a d i f f e r e n t  
H r S  Lank s i z e  f o r  d i f f e r e n t  s e t t i n g s  i s  t i re most energy e f f i c i e n t  system 
considered. Energy c f f  i c i e n c y  , though, i s  n o t  t h e  o n l y  c r i t e r i a  t h a t  
d i c t a t e s  t h e  use o f  an a l t e r n a t i v e  energy system i n  p l ace  o f  a  conven t iona l  
one. Economic f e a s i  b i  1 i t y  i s  t h e  g r e a t e s t  obs tac le  t o  t h e  imp1 ernentati on 
o f  such systems. For t h i s  reason, an economic a n a l y s i s  o f  t h e  systems 
under c o n s i d e r a t i o n  i s  performed i n  t h e  f o l  l ow ing  chap te r .  
C H A P T E R  V I  
SYSTEM ECONOMICS MODEL AND RESULTS 
------- .-.-- .- - - .. - - .  .~ 
The h igh  i n i t i a l  c a p i t a l  cos ts  o f  the  systems under study must be 
weighed aga ins t  t h e  savings i n  energy use, w i t h  respect  t o  convent ional 
systems, t o  j u s t i f y  t h e i r  implementation. Although the  value o f  saving 
a b a r r e l  o f  f u e l  o i l  i s  g rea te r  than i t s  cost .  when na t i ona l  GNP i s  
under considerat ion,  a p rospect ive  user o f  IWFS o r  HDTES u n i t s  w i l l  no t  
be concerned w i t h  U.S. GNP (unless,  o f  course, government subsidy i s  
a1 lowed), b u t  r a t h e r  ne t  d o l l a r  savings. 
This chapter i s  devoted t o  an economic ana lys i s  o f  t h e  c a p i t a l  
cos ts  and f u e l  requirements o f  t h e  IWFS and WDTES models when compared 
against  convent ional  e l e c t r i c ,  o i l  and na tu ra l  gas systems. Each IWFS 
o f  WDTES scheme considered w i l l  a l so  have, as a back up system, t h e  
same convent ional  heat ing  system. For a comparison w i t h  a 
t o t a l  e l e c t r i c  system, the  e l e c t r i c  convent ional system i s  assumed t o  
s a t i s f y  a l l  e l e c t r i c a l ,  space heat ing  and domestic ho t  water requ i re -  
ments. Gas and o i l  systems supply on l y  space heat ing  and domestic ho t  
water w i t h  the e l e c t r i c a l  load being supp l ied  from the  e l e c t r i c  u t i l i t y .  
To ta l  costs f o r  the  convent ional  and non-convent i o n a l  systems were 
considered t o  be made up o f  component cos ts  (which are  assumed t o  a1 so 
i nc lude  l abo r )  and f u e l  costs.  Previous work by D a r k a z a l l i  [Ill was 
used as a bas is  f o r  many o f  t he  component costs.  Costs o f  t h e  complete 
wind t u r b i n e  generator and 1 ow temperature thermal s torage subsystems 
were updated from the  1975 d o l l a r s  used i n  h i s  work t o  1977 d o l l a r s  by 
the corisunlrr y r i c t l  index r a t i o  o f  t tic' P ~ I S ~  two vedrs L;'7 1 .  ~ l t l ~ ~ r *  
c o ~ r ~ p o t \ ~ n   c a p i  ti11 cos t s  were e s t  it113 t,cd by t, l ~ u  ~nr ttiods tl,,t t f o  11 ow. 
6.1 Com_tlonent --- Costs 
The component economics model f o r  t h e  wind energy system i s  
based on an i n i t i a l  c a p i t a l  o u t l a y  i n  1977 f o r  a  p ro to t ype  system o r  
a  mass-produced system ( i f  t h i s  were p o s s i b l e  today)  w i t h  i t s  lower  
cos t s .  Th is  non-convent iona l  system, as w e l l  as i t s  conven t iona l  
coun te rpa r t ,  i s  assumed t o  be amor t ized over  a  20 yea r  p e r i o d  w i t h  
an annual i n f l a t i o n  r a t e  o f  8%. 
Costs o f  t h e  wind t u r b i n e  genera to r ,  t h e  low temperature thermal  
s t o rage  and t h e  conven t iona l  systems, a l r eady  cons idered  i n  d e t a i l  by 
D a r k a z a l l i  [11] w i l l  n o t  be presented.  However, cos t s  o f  t h e  h i g h  
temperature thermal s tp rage ,  t h e  Rankine Cycle,  t h e  power c o n d i t i o n e r  
( r e c t i f i e r  and i n v e r t e r ) ,  t h e  a1 t e r n a t o r  and m i s c e l l  aneous i tems ( f i e l d  
c o n t r o l l e r ,  s w i t c h i n g  l o g i c  and thermocouples) w i l l  be d iscussed.  
The assumed h i g h  temperature thermal  s to rage  c o s t  (CTHTS) i s  
shown i n  Table  6.1 f o r  b o t h  t h e  250 g a l l o n  and t h e  1000 g a l l o n  s i zes .  
The sodium hydrox ide  i t o r a g e  m a t e r i a l  c o s t  i s  based on i n f o r m a t i o n  f rom 
a  recen t  r e p o r t  by Bundy, H e r r i c k  and Kosky [28], w h i l e  t h e  c o s t s  o f  
t h e  o t h e r  HTS corr~ponents were es t imated  on t h e  b a s i s  o f  pas t  UMass 
Wind Furnace exper ience.  A HTS tank  c o s t  pe r  g a l l o n  as a  f u n c t i o n  
o f  HTS tank  s i z e  was found by assuming t h a t  t h e  cos t s  v a r i e d  l i n e a r l y  
as a  f u n c t i o n  o f  HTS tank  l a t e r a l  area. Us ing t h i s  p l o t ,  shown i n  
F i g u r e  6.1, t h e  HTS tank  cos t s  pe r  g a l l o n  f o r  a l l  s i z e s  cons idered 
cou ld  be found f o r  a  p r o t o t y p e  u n i t .  The t o t a l  H is  c o s t  (CTHTS) was 
250 Gal lon 1000 Gal 1 or1 
1 )  Storage mater ia l  
NaOH, 8 $3.60/gall on $900 
2) Carbon Steel tank $300 
3 )  Resistance Heaters 
(25kW) 
4) Thernial I n s u l a t i o n  $200 
5 )  F i t t i n g s  and Hot Water 
Coi 1 $200 
TOTAL 
Table 6.1 Assumed High Temperature Thermal Storage 
Prototype Costs. 
0 . 0 0  
'I . n o  
8 . 0 0 
7.00 
I,. 0 0  
HTS TANK S I Z E  ( G A L .  NaOH) 
F I G U R E  6 . 1 .  HTS TANK COSTS AS A  F U N C T I O N  OF HTS TANK 
S I Z E  FOR A  PROTOTYPE U N I T .  
f'oc~ntl 11s i INJ t he  equat ion :  
C~~~~ = 'HTS HTS ( 6 . 1 )  
where HTS i s  t h e  HTS tank  s i z e  i n  ga l l ons  o f  NaOH. 
Furthermore, i t  vras assumed t h a t  i f  t h e  HTS were mass-produced 
( i n  a  thousand u n i t  volume o r  g rea te r ) ,  t h e  cos t  o f  each u n i t  would 
decrease t o  75% o f  t he  p ro to t ype  cos t .  
The cos t  o f  t he  Rankine Cycle Subsyste~i~,  (CRC), which inc ludes  
t~r-,, i t  cxchdri(lers and i n s t a l l a t i o n ,  i s  based on a r e l a t i o n s h i p  as g iven  
by Curr-dn [ 2 9 ] :  
CRc = 135 [ 7  t 1.5 (RCHP - I ) ]  
where CRC i s  i n  d o l l a r s  and RCHP i s  t h e  Rankine Cycle ou tpu t  capac i t y  
i n  horsepower. Al though t h e r e  i s  some d iscrepancy between t h e  c o s t s  
est imated by t h i s  equat ion  and cos t  p r o j e c t i o n s  made by Barber (30) ,  
becduse ac tua l  cos t s  f o r  s p e c i f i c  systems of  t h e  smal l  s i zes  requ i red  
were n o t  a v a i l a b l e ,  i t  was assumed t h a t  Equat ion 6.2 would s u f f i c e  f o r  
t h i s  p r e l i n ~ i n a r y  economic ana l ys i s .  Th i s  same va lue  o f  CRC was used 
f o r  bo th  t he  p ro to t ype  and mass produced cos ts .  
The power c o n d i t i o n e r  subsystem i s  a c t u a l l y  made up of  two compo- 
nents ,  a  r e c t i f i e r  f o r  t h e  convers ion of t h r e e  phase, v a r i a b l e  frequency, 
AC power t o  DC power and an i n v e r t e r  f o r  t h e  convers ion  o f  t h e  DC power 
t o  s i n g l e  phase, 60 Her tz ,  120 v o l t  AC power. The r e c t i f i e r ,  which 
cou ld  be made s imp ly  by  us ing  o n l y  s i x  diodes, was assumed t o  c o s t  $100 
f o r  bo th  t h e  p ro to t ype  and mass produced u n i t s .  The i n v e r t e r ,  however, 
i s  n e i t h e r  a  s imple component, n o r  an inexpensive one when compared 
aga ins t  t h e  r e c t i f i e r .  
The i n v e r t e r  r e p r e s e n t s  one of t h e  g r e a t e s t  c a p i t a l  e x p e n d i t u r e s  
o f  t h e  IWFS o r  t h e  WDTES, Type I 1  models. Two types  o f  i n v e r t e r s  were 
found t o  be a v a i l a b l e  f o r  use w i t h  these  systems. The f i r s t  o f  t h e s e  
i s  t h e  Gemini Synchronous I n v e r t e r  System, marketed by t h e  Windworks 
Company o f  Mukwonago, Wis. [9]. T h i s  u n i t ,  v i a  i n t e r f a c i n g  w i t h  t h e  
u t i l i t y  g r i d ,  sends DC e l e c t r i c i t y  from t h e  r e c t i f i e r  i n t o  t h e  u t i l i t y  
power l i n e s ,  which i t  views as an i n f i n i t e  e l e c t r i c a l  s i n k .  AC e l e c t r i -  
c i t y  f rom t h e  u t i l i t y  i s  a c t u a l l y  exchanged w i t h  t h e  DC energy i n p u t  t o  
t h e  g r i d ,  t o  supp ly  t h e  r e q u i r e d  c u r r e n t .  The Gemini system has t h e  
d isadvantage o f  b e i n g  dependent on t h e  l o c a l  u t i l i t y  l i n e s ,  b u t  i s  
q u i t e  inexpens ive  i n  t h e  f o u r  and s i x  k i l o w a t t  s i z e s  r e q u i r e d  f o r  t h e  
e l e c t r i c a l  l oads  under c o n s i d e r a t i o n ,  as shown i n  F i g u r e  6 .2  [31] .  
The second t y p e  o f  i n v e r t e r  a v a i l a b l e  i s  a  t y p e  i d e n t i c a l  t o  t h e  
Abacus I n v e r t e r  System, marketed by Abacus C o n t r o l s ,  I n c .  o f  S o m e r v i l l e ,  
N.J. [26] .  The Abacus u n i t  has t h e  advantage o f  r e q u i r i n g  o n l y  a  DC 
i n p u t  fro111 t h e  r e c t i f i e r  t o  produce s i n g l e  phase, 120 v o l t  AC c u r r e n t .  
Fo r  t h i s  reason, by u s i n g  t h i s  i n v e r t e r .  a system c o u l d  be made independent 
o f  u t i l i t y  e l e c t r i c i t y ,  u n l e s s  o f  course i t  i s  needed as an a u x i l i a r y  
energy source.  U n f o r t u n a t e l y ,  t h e  p r o t o t y p e  Abacus u n i t  c o s t s  o f  $5600 
and $7900 f o r  t h e  f o u r  and s i x  k i l o w a t t  s i z e s  a r e  q u i t e  expens ive [32]. 
A lso ,  as shown i n  F i g u r e  6.3, t h e  mass-produced Abacus u n i t  i s  s t i l l  
much more expens ive when compared a g a i n s t  t h e  c o s t  o f  t h e  mass-produced 
Gemini u n i t  i n  F i g u r e  6.2. I t  must be taken i n t o  c o n s i d e r a t i o n ,  however, 
t h a t  i f  a  system can be made independent o f  t h e  e l e c t r i c a l  t r a n s m i s s i o n  
l i n e s  ( t h i s  i s  a  d i s t i n c t  p o s s i b i l i t y  w i t h  t h e  WDTES, Type I 1  model i n  
c e r t a i n  app l  i c a t i o n s )  ,' t h e  c o s t  o f  e r e c t i n g  t r a n s m i s s i o n  1  i n e s  t o  t h e  
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F I G U R E  6 . 3 .  MASS PRODUCED ABACUS I N V E R T E R  COSTS AS A  
F U N C T I O N  OF I N V E R T E R  S I Z E .  
res idence o r  farm would be saved. For t h i s  reason, t h e  cos t  o f  t he  
Abacus u n i t  was i nc luded  i n  t h e  cos t  ana l ys i s  o f  t h e  WDTES, Type I 1  
model f o r  t h e  cases when gas o r  o i l  a re  used f o r  a u x i l i a r y  space 
hea t i ng  clnd domestic h o t  water.  I t  should a l s o  be po in ted  o u t  t h a t ,  
s i nce  t h e  nioney saved by n o t  hav ing t o  e r e c t  e l e c t r i c a l  t ransmiss ion  
l i n e s v d r i e s  w i d e l y f o r d i f f e r e n t  l o c a t i o n s ,  t h i s  was n o t  taken i n t o  
account i n  t h e  economic ana l ys i s .  
For  the  two WDTES systems, a l t e r n a t o r  cos ts  must be taken i n t o  
account. It was found t h a t  a l t e rna t -o rs  o f  t h e  f o u r  and s i x  k i l o w a t t  
s i z e  a r e  produced by t h e  Linia E l e c t r i c  Company, I nc .  o f  Lima, Ohio. 
This  i s  the  same company t h a t  produced t h e  genera to r  f o r  t h e  WTG t h a t  
i s  a  p a r t  o f  t h e  UMass wind furnace system. The c o s t  o f  t h e  f o u r  and 
s i x  k i l o w a t t  p ro to t ype  u n i t s ,  CALT, as found i n  a  p r i c e  l i s t i n g  f rom 
t h e  company, a re  $1020 and $1135, r e s p e c t i v e l y .  I t  was assumed t h a t  
i f  these u n i t s  were mass produced i n  a  volume o f  a thousand o r  more 
t h a t  t h e  c o s t  per  u n i t ,  CALTF, would drop t o  652 o f  t h i s .  
The f i e l d  c o n t r o l l e r ,  s w i t c h i n g  l o g i c  an3 thermocouples were 
lumped under miscel laneous costs .  The p ro to t ype  cos ts  f o r  t h e  mis- 
ce l laneous i t em (CMISC) were assumed t o  i nc lude  $150 each f o r  t h e  f i e l d  
c o n t r o l l e r  and t h e  sw i t ch ing  l o g i c ,  and $50 f o r  thermocouples, f o r  a  
t o t a l  o f  $350. Mass produced cos t s  f o r  t h e  miscel laneous i tenis (C MISCF) 
inc luded $100 each f o r  t h e  f i e l d  c o n t r o l l e r  and sw i t ch ing  l o g i c ,  and 
$50 f o r  t h e  thermocouples, f o r  a  $250 t o t a l .  
The annual c o s t  o f  t h e  advanced wind furnace and t h e  convent ional  
systems was c a l c u l a t e d  by f i r s t  de te rmin ing  t h e  t o t a l  c o s t  o f  t he  
systems. The t o t a l  cos t  was then  m u l t i p l i e d  by t h e  annual cos t  f ac to r ,  
R, t o  f i n d  t he  y e a r l y  cos t .  The f a c t o r ,  R, i s  g iven  by t h e  equat ion:  
where I i s  t he  annual i n t e r e s t  r a t e  and N represents t h e  a m o r t i z a t i o n  
per iod .  
6.2 Fuel Costs and Convent ional System E f f i c i e n c i e s  --
Fuel cos ts  f o r  bo th  t he  a u x i l i a r y  requirements o f  t h e  advanced wind 
furnace systems and the  convent ional  systems were adopted f rom ac tua l  
New England energy cos ts .  An assumed e l e c t r i c i t y  c o s t  o f  $.045/kWh was 
based on an updated ve rs ion  of t he  e l e c t r i c i t y  cos t  assumed by D a r k a z a l l i  [ll]. 
The na tu ra l  gas cos t  was found by us ing  t h e  r a t e  s t r u c t u r e  p rov ided  by 
t he  Baystate Gas Company o f  Northampton, Mass., which appears i n  Table 6.2. 
From t h i s  r a t e  s t r u c t u r e ,  an average c o s t  of $.012/kWh was de r i ved  as- 
suming a  4,400 kwh combined space hea t i ng  and domest ic h o t  water  l o a d  and 
a 100.000 BtuICCF hea t i ng  va lue  o f  t h e  f u e l  [33]. The c o s t  o f  No. 2  
hea t i ng  o i l  was found t o  be $.479/gal lon i n  t he  Amherst area. Assuming 
a  hea t i ng  value o f  t h e ' f u e l  o f  139,600 B t u l g a l l o n  y i e l d e d  a  c o s t  o f  
$.0117/kWh. 
The r a p i d  e s c a l a t i o n  o f  f u e l  p r i c e s  i n  recen t  years n d i c a t e s  t h a t  
those f u e l  cos t s  w i l l  n o t  remain a t  these va lues.  To t ake  r i s i n g  f u e l  
c o s t s  i n t o  account, annual p r i c e  e s c a l a t i o n  r a t e s  o f  6% f o r  e l e c t r i c i t y ,  
7% f o r  o i l  and 8% f o r  na tu ra l  gas were assumed f o r  t he  20 yea r  amort iza-  
t i o n  pe r i od  [33]. 
The average f u e l  cos t s  (CFAVE) were c a l c u l a t e d  over  t h e  amor t i za t i on  
pe r i od  us ing  t h e  equat ion:  
First CCF - $3 
N e x t 9 C C F  - $.311/CCF 
Next 15 CCF - $.271/CCF 
Next 25 CCF - $. 231 /CCF 
Over 50 CCF - $.154%/CCF 
Adjustment p r i c e  
f o r  each CCF $.1370/CCF 
(1 CCF = 100 f t3) 
Table 6.2 Typ i ca l  New England Natura l  Gas Rate S t r u c t u r e  (1977) 
(,I AVI N 
whe~-e C FAVC tias u n i t s  o f  $/kwh, I4 i s  I.ltc ,1111or-tization p e r i o d  i r t  yedrs ,  
F I i s  t h e  i n i t i a l  f u e l  c o s t  i n  $/kwh, and R I  i s  t h e  annual f u e l  escd- 
l a t i o n  r a t e .  
Convent ional  e l e c t r i c a l ,  space hea t i ng  and domestic h o t  water  systems 
have i n h e r e n t  i n e f f i c i e n c i e s  due t o  losses  i n  t h e  baseboard r e s i s t a n c e  
hea te rs  o r  t h e  f o s s i l - f u e l  furnace.  Because t h i s  tends t o  inc rease  con- 
C 
ven t i ona l  and aux i  1  iary:  f u e l  consumption cos t s ,  t h i s  e f f e c t  was i n c l  uded 
i n  t n e  economic a n a l y s i s .  A l though t h e  losses  for- f o s s i l  f u e l  furnaces 
can vary  w ide l y ,  as shown i n  Dunning [34], average f o s s i l - f u e l  fu rnace  
e f f i c i e n c i e s  were d e r i v e d  based on i n f o r m a t i o n  found i n  h i s  paper. The 
e f f i c i e n c i e s  o f  t h e  n a t u r a l  gas and o i l  f i r e d  furnaces were assumed t o  
be 65Y and 55% r e s p e c t i v e l y .  For t h e  e l e c t r i c a l  model, baseboard r e -  
s i s t a n c e  hea te rs  were assumed t o  have an e f f i c i e n c y  o f  95%. 
6.3 The Computer Economic Model 
A  d i g i t a l  computer s i m u l a t i o n  WSDECO, which appears as a  l o g i c  
f l o w  c h a r t  i n  F i g u r e  6.4, was w r i t t e n  t o  f a c i l i t a t e  t h e  economic a n a l y s i s  
o f  t h e  convent iona l  and non-convent ional  systems. As i n  t h e  main program 
s imu la t i on ,  WSDECO f e a t u r e s  an i n t e r a c t i v e  fo rmat  t o  s i m p l i f y  i t s  use. 
A  l i n e  by l i n e  l i s t i n g  o f  t h i s  computer program i s  l o c a t e d  i n  Appendix C .  
I n i t i a l l y ,  as shown i n  F i g u r e  6.4, t h e  program r e q u i r e s  t h e  user  t o  
i n p u t  t h e  e l e c t r i c a l ,  space hea t i ng  and domestic ho t  wa te r  loads f o r  t h e  
r e s i d e n t i a l  o r  farm s e t t i n g .  It then  asks t h e  ope ra to r  t o  i n p u t  t h e  
a u x i l i a r y  energy requi rements f o r  t h e  non-convent ional  system, t h e  t ype  
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RETURN T O  RUN FOR NEXT FlJEL T Y P E .  I F  
ALL, tlAVF: I3I':EN RUN, CONTINLIE. 
i 
F I G U R E  6 . 1 4 .  L O G I C  FLOW L k I A G K A M  FOR TI IE  E C O N O M I C S  PROGRAM 
o f  sy:tc.n~ to hcl s t u t i i cd  arrtl tlir I.TS 1-otlk s i ~ c b .  I f  t.hr <ys t :c~~ t  II~CIPI. 
I o r l t ,  i tl(>t.,t l iott i \ , I  WIT1 1.S $('~Ic*III(~ 1 II*.(~I. i d .  I II(>I~ ,tr,k(~(I I o i ~ l l j l t l  t I1t1 
I I IS Idrlh s i z e  arld the Rankine Cy~ : l c  < ; i r t b .  If l , t \ ( a  Wllll.5, l,ypt: 1 1  ~rrotIt!l 
i s  be ing  i n v e s t i g a t e d ,  t h e  user  i s  asked t o  i n p u t  t h e  i n v e r t e r  t ype ,  
e i t h e r  Gelllini o r  Abacus. Next, f o r  a l l  systems. t h e  WTG d iameter  and 
tower h e i g h t  i s  se t .  The a m o r t i z a t i o n  p e r i o d  and t h e  i n t e r e s t  r a t e  i s  
then assigned. WTG and advanced wind fu rnace  component c o s t s  a r e  then  
e i t h e r  s e t  o r  c a l c u l a t e d  f o r  bo th  t h e  p r o t o t y p e  and rnass-produced u n i t s  
and t h e  t o t a l  non-convent ional  systeni cos t s  a re  c a l c u l a t e d  and p r i n t e d  
ou t .  Annual cos t s  f o r  t h e  u n i t s  a re  then  found by us ing  t h e  annual 
cos t  f a c t o r ,  R .  Next,  t h e  annual conven t iona l  and non-convent ional  
f u e l  cos t s  a r e  determined. S ince t h e  syste111 cos t s  and t h e  f u e l  cos t s  
a r e  now known, t o t a l  annual cos t s  a re  then c a l c u l a t e d  and o u t p u t t e d  by 
t h e  progranl. F i n a l l y ,  i f  a l l  t h r e e  f u e l s  have n o t  been cons idered,  
a l l  cos t s  a re  r e s e t  t o  zero  and t h e  program i s  i n i t i a t e d  again.  Once 
e l e c t r i c i t y ,  o i l  and n a t u r a l  gas have been cons idered f o r  a u x i l i a r y  
f u e l s ,  the  program te rmina tes .  
A sample r u n  o f  WSDECO showing bo th  i n p u t s  and ou tpu t s  i s  i nc l uded  
i n  F igu re  6.5 and an exp lana t i on  o f  t h e  v a r i a b l e s  g iven  i n  t h e  ou tpu t  
i s  l o c a t e d  i n  Appendix A. A breakdown o f  t h e  t o t a l  cos ts  o f  t h e  p r o t o -  
t ype  WTG(CWND), t h e  t o t a l  system (CTOT) and t h e i r  cor responding mass- 
produced cos ts  (CWNDF) and CTOTF) a r e  shown f o r  a l l  t h r e e  systems i n  
Table 6 .3 .  The non-convent ional  component c o s t s  f o r  t h e  systems a r e  
shown f o r  t h e  average New England res idence  a p p l i c a t i o n  w i t h  a  2000 
g a l l o n  LTS f o r  t h e  IWFS model and a l s o  a  100 g a l l o n  HTS and a  4 kw 
Rankine Cyc le  f o r  t h e  WDTES models. I t  should be noted t h a t  a l though 
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these costs a re  shown to  the do l l a r ,  those figures a r e  not tha t  accurate 
due to  the assumptions made for  t h i s  preliminary study and therefore 
should only be considered t o  represent price trends and not actual dol lar  
costs .  
6 . 4  -- Economics Analytical Results -- 
I n  t h i s  sect ion,  the resu l t s  obtained from the systeps simulation 
model (WDTES1) are  used i n  conjunction w i t h  the economics model (WSDECO) 
t o  evaluate the economic f e a s i b i l i t y  of the three advanced wind furnace 
systell~s. The econornic potential of each prototype or  mass produced system 
was determined with respect t o  each of the three res ident ia l  or farm ap- 
plications by comparing i t s  to ta l  annual cost  w i t h  the conventional systems 
annual cost .  
Economic resu l t s  were derived for  the IWFS model in each of the 
applications by varying the key system variable,  the low temperature 
ther~llal storage,  from 500 t o  4000 gallons. W i t h  the IWFS model, the only 
invertel- type considered was the Gemini model, since u t i l  i t y  l ines  would 
be i~ i~pera t ive  due to  the  large e lec t r ica l  auxi l iary requirenients of the 
system and also tha t  inver te r ' s  low cost .  
W i t h  the WDTES models, which assumed maximum Rankine Cycle e f -  
f iciency, economic r e su l t s  for  each se t t i ng  were obtained by varying the 
high temperature thermal storage s i ze  from 50 to  500 gallons. In the  
case of the  WDTES, Type I and the NDTES, Type I1 model i n  the  farm se t -  
t i n g ,  the only inver ter  type considered was the Gemini model because the 
h i g h  auxi 1 iary e lec t r ica l  requirement d ic ta tes  accessibi 1 i t y  t o  u t i  1 i t y  
l ines .  However, with the WDTES, Type I1  scheme i n  the  well-insulated 
and average New England residence se t t ings ,  the  auxi l iary e lec t r ica l  
requi rement  was cons idered t o  be low enough t h a t  independence from t h e  
u t i l i t y  l i n e s  was poss ib l e .  Thus, under these c o n d i t i o n s ,  t he  f e a s i b i l i t y  
o f  the  more expensive Abacus i n v e r t e r  was appra ised.  
The econo~iric r e s u l t s  f o r  t h e  w e l l - i n s u l a t e d  New England res idence  
a re  g iven  i n  F igures 6 .6  through 6 . 9 .  As shown i n  a l l  f o u r  graphs, w i t h  
each mass-produced advanced wind furnace system, t h e  l owes t  t o t a l  annual 
systein cos t s  a r e  achieved by u s i n g  t h e  e l e c t r i c  u t i l i t y  as a  backup 
system. Al though t h e  d i f f e r e n c e  i n  t o t a l  annual system c o s t s  a re  smal l  
f o r  t he  t h r e e  a u x i l i a r y  systems, due t o  t h e  low a u x i l i a r y  energy r e -  
quirement f o r  t h e  advanced fu rnace  systerils i n  t h i s  s e t t i n g ,  t h e  low 
conlponent cos t s  o f  t he  aux i  1  i a r y  e l e c t r i c a l  system make i t  econoniical l y  
advantageous. The IWFS model, shown i n  F igu re  6 , 6 ,  represen ts  t he  
s y s t e ~ ~ i  w i t h  t h e  lowes t  annual cos t s  f o r  bo th  t h e  p ro to t ype  and mass- 
produced u n i t s .  A1 though aux i  1  i a r y  energy requi ren ients  o f  t he  systeni 
dt-e high,  t he  r e l a t i v e l y  low co~i~ponent  cos t s  o f  t h e  IWFS when co~npared 
aga ins t  the  WDTES ~l iodels  -in F igures 6 . 7  th rough  6 . 9  rnake t h e  p r o t o t y p e  
~i lodel  l e s s  expensive than  t h e  convent iona l  e l e c t r i c  system, and t h e  
~nass-produced lrlodel cheaper t han  t h e  convent iona l  o i l  and gas systems, 
F igures 6 . 7  and 6.8, f o r  t h e  WDTES, Type I and t h e  Type I 1  model w i t h  
a  Gemini i n v e r t e r ,  show t h e  cos t s  o f  t he  two p ro to t ype  and mass 
produced systems t o  be approx imate ly  equal .  Th i s  i s  caused by t h e  
lower  a u x i l i a r y  energy cos t s  of t h e  Type I 1  scheme w i t h  a  Gemini i n v e r t e r  
be ing  a b l e  t o  o f f s e t  i t s  g r e a t e r  system component cos t s  when compared 
aga ins t  t he  Type I model i n  t h a t  s e t t i n g .  The inc rease  i n  t h e  WDTES, Type 
I 1  model cos t s  when t h e  Abacus i n v e r t e r  i s  i n t r oduced  i s  dep i c ted  i n  F igu re  
6.9.  As can be i n f e r r e d  from F igu re  6.9, o n l y  mass p roduc t i on  o f  t h e  
lWFS  
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corl~ponerlts coul d 111ake t h i  s 111odcl 1 ess expensi ve annual l y  than the  con- 
vent ional  syste~ns .
As shown i n  Figures 6.10 through 6.13, f o r  the  average New England 
Residence, the  a p p l i c a t i o n  o f  any o f  the  pro to type systems, us ing  the  
proper storage tank s ize ,  can be j u s t i f i e d  economical ly when compared t o  
conventional e l e c t r i c  systems. Furthermore, i f  gas i s  used as an a u x i l i a r y  
a l l  the  advanced mass produced wind furnace systems compare favorab ly  
econolnically t o  the  conventional o i l  and gas system costs.  Also o f  i n t e r e s t  
w i t h  t h i s  a p p l i c a t i o n  i s  the  l a r g e  d i f f e r e n c e  f o r  a l l  models i n  annual 
costs between a u x i l i a r y  e l e c t r i c  and a u x i l i a r y  f o s s i l  f ue l s .  Th is  i s  
due t o  the  re1 a t i  v e l y  1 arge (when cornpared t o  the  we1 1 - i nsu la ted  residence) 
a u x i l i a r y  energy requirements o f  a l l  the  systems i n  t h i s  a p p l i c a t i o n  and 
the  d i f f e r e n c e  between e l e c t r i c a l  and f o s s i l  f u e l  costs.  With the  IWFS 
model (shown i n  Figure 6.10), which represents the  lowest p r i ced  non- 
conventional system, an annual savings o f  approximately $700 over the  
conventional gas costs can be r e a l  ized.  Unl i ke the  we1 1 - i nsu la ted  s e t t i n g ,  
a comparison o f  Figures 6.1 1 and 6.12, represent ing  the  WDTES, Type I 
model and the  Type I 1  model w i t h  a Gemini i n v e r t e r  both i n  the  average N.E. 
residence s e t t i n g ,  i nd i ca tes  t h a t  t he  h igher energy e f f i c i e n c y  o f  the  Type I 1  
system i s  n o t  g reat  enough t o  j u s t i f y  h igher component costs.  This t rend  
i s  corroborated fu r ther ,  as seen i n  the  s t i l l  g reater  annual costs i n  
F igure 6.14, when the  Abacus i n v e r t e r  i s  employed. 
The economic r e s u l t s  fo r  the  average New England farm s e t t i n g '  a re  
shown i n  Figures 6.14 through 6.16. I n  the  farm s e t t i n g ,  the  a u x i l i a r y  
e l e c t r i c a l  requirements f o r  the  IWFS and WDTES, Type I 1  were so l a r g e  
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t h a t  iridependence from u t i  1 i t y  1 i ncs  was n o t  deer~led possib le,  arid 
the re fo re  or i ly t he  Ge~li ini i n v e r t e r  was considered. As i n  the  o the r  two 
se t t i ngs ,  r e s u l t s  shown by comparing Figures 6.14, 6.15 and 6.16 i n d i c a t e  
t h a t  the  IWFS model i s  t he  l e a s t  expensive o f  t he  th ree  advanced wind 
furnace systems. Results f o r  t he  IWFS scheme shown i n  Figure 6.14 i n d i c a t e  
t h a t  t he  mass produced u n i t  and even the  prototype u n i t ,  i f  gas o r  o i l  
i s  used as an a u x i l i a r y  f u e l ,  a re  economically j u s t i f i a b l e  whep compared 
t o  conventional e l e c t r i c ,  o i l  and gas systems. I n  f a c t ,  w i t h  a 1000 
ga l l on  LTS tank and gas as an a u x i l i a r y  f u e l ,  an annual savings o f  over 
$1000 can be r e a l i z e d  as compared t o  a conventional gas system, once t h e  
u n i t s  a re  mass produced. Figures 6.15 and 6.16 show t h a t  l a r g e  savings 
over conventional systems costs can a l s o  be achieved by mass-produced 
WDTES, Type I and Type I 1  u n i t s .  A comparison of Figures 6.15 and 6.16 
a l so  reveal  an i n t e r e s t i n g  t rend  between t h e  two WDTES u n i t s  w i t h  regard 
t o  h igher  e l e c t r i c a l  loads. As p rev ious l y  s ta ted  i n  Chapter V, t h e  WDTES, 
Type I 1  u n i t  has the  advantage over the  Type .I u n i t  of being ab le  t o  supply 
e l e c t r i c i t y  d i r e c t l y  from the  WTG when wind energy i s  ava i lab le .  'This 
resu l  t s  i n  f a r  1 ower auxi  1 i a r y  e l e c t r i c a l  consumption. By comparing 
Figures 6.15 and 6.16 i t  can be i n f e r r e d  t h a t  t h i s  lower e l e c t r i c a l  con- 
sumption does j u s t i f y  t h e  h igher component cos ts  o f  t h e  WDTES, Type I 1  
model when compared t o  t h e  Type I system. Also, as shown by comparing 
Figures 6.14 and 6.16 i t  becomes apparent t h a t  t h e  WDTES, Type I1 model 
w i t h  a l l  i t s  expensive components, i s  almost as inexpensive as t h e  IWFS 
model , i f  mass-produced. Th is  1 eaves open t h e  possi b i  1 i ty  t h a t  i n  an 
a p p l i c a t i o n  t h a t  requ i res  an even l a r g e r  e l e c t r i c a l  load than t h e  average 
New England farm, the  WDTES, Type I 1  system may no t  o n l y  be l e s s  expensive 
1 I I C ~ I ~  t.t\tb conventional systen~, but i t could a1 so l~t\conie 1 t ~ s s  expensive 
I . l r , ~ r \  I I\(. l lJl S n~otlcl . 
C H A P T E R  V I I  
CONCLUSIONS AND RECOMMENDATIONS 
The previous chapters have y ie lded  pre l iminary  f i nd ings  regarding 
the performance and economic f e a s i b i l i t y  o f  the IWFS and WDTES models 
w i t h  respect t o  three res i den t i a l  and farm app l ica t ions.  I n  t h i s  chapter, 
conclusions based on these f i nd ings  w i ?  1  be used t o  evaluate the r e a l -  
i s t i c  po ten t ia l  o f  these a l t e r n a t i v e  energy systems t o  decrease the t o t a l  
energy requirements o f  the r es i den t i a l  o r  farm environs. I n  add i t i on  t o  
th i s ,  more in-depth ana l y t i ca l  and experimental means o f  system analys is  
for  these and o ther  app l ica t ions o f  such systems w i l l  be proposed f o r  
fu ture  research. 
7.1 - Concl us i ons 
Optimum system con f igu ra t ion  and component s izes f o r  each o f  the 
three app l ica t ions can be made e i t h e r  on the basis o f  minimum a u x i l i a r y  
energy requirenients o r  minimum annual system costs. 
For the we1 1  - insu la ted New England residence, r e s u l t s  shown i n  
Figure 5.34 ind ica te  t h a t  the minimum t o t a l  a u x i l i a r y  energy requirements 
occur when the WDTES, Type I 1  scheme, w i t h  a  100 ga l lon  HTS i s  used. This 
system would supply over 95% o f  the 26,516kWh t o t a l  energy loads o f  the 
home, even w i t h  a  tu rb ine  e f f i c i e n c y  o f  60%. However, i t  i s  no t  economical 
t o  use such an expensive system f o r  energy supply. As ind ica ted  by com- 
par ing Figures 6.6 through 6.9, the minimum annual system costs f o r  t h i s  
app l i ca t ion  occur when the mass produced IWFS model w i t h  e l e c t r i c  a u x i l i a r y  
and a  2000 ga l lon  LTS i s  used. This system o f f e r s  an annual savings of 
over $300 i n  t o t a l  expense w i t h  respect  t o  convent ional  gas systems. 
With the  average New England residence, as i n d i c a t e d  i n  F igure  5.41, 
the WDTES, Type I 1  scheme represents the  most energy e f f i c i e n t  model o f  
the three, a l l ow ing  about 73% o f  t he  t o t a l  r e s i d e n t i a l  energy requirement 
o f  44,733kWh t o  be suppl ied.  Again, though, the  mass-produced IWFS system 
provides the  l e a s t  expensive means o f  energy supply. For t he  residence, 
a minimum system c o s t  which i s  over  $700 l e s s  than the  convent ional  gas 
system c o s t  annual ly ,  i s  achieved annua l ly  by us ing  t h e  IWFS w i t h  a 1000 
g a l l o n  LTS and a gas a u x i l i a r y  energy supply. 
I n  the  average New England farnl s e t t i n g ,  again the  WDTES, Type I 1  
u n i t  as seen i n  F igure  5.48 provides the  most e f f i c i e n t  means o f  wind 
energy supply examined, supply ing some 66% o f  t he  55,684kWh t o t a l  farm 
energy requirements i f  a 250 g a l l o n  HTS i s  used. By regard ing  Figure 6.14, 
i t  can be shown t h a t  t h e  annual savings over  convent ional  gas cos ts  by 
us ing  a mass-produced IWFS w i t h  a 1000 g a l l o n  LTS and an a u x i l i a r y  gas 
system, i s  almost $1000. 
What needs t o  be prov ided t o  the  home o r  farm owner i s  more economic 
i n c e n t i v e  t o  increase the  r e t u r n  on investment i n  these systems even though 
a f t e r  t he  20 year  amor t i za t i on  per iod,  t o t a l  annual system cos ts  w i l l  
drop s i g n i f i c a n t l y .  This  has been proposed f o r  some a l t e r n a t i v e  energy 
systems by the  government [2], i n  the  form of rebates f o r  i n s t a l l a t i o n  
o f  such systems and h igher  taxes on energy. During t h e  Arab o i l  embargo 
and the  na tu ra l  gas shortage of t he  w i n t e r  o f  1976-77, t he  economic de- 
pendence of t he  U.S. on energy, because of l o s s  o f  growth p o t e n t i a l  and 
fo re ign  balance o f  payments, was rea l i zed .  Therefore, i t  i s  i n  t he  
nat ional  i n t e r e s t  f o r  the govern~~~ent  t o  provide such incentives. I f  
these economic incent ives are provided, the so-far small r e tu rn  on i n -  
vestment po ten t ia l  o f  these systems should be increased s u f f i c i e n t l y  t o  
provide f o r  t h e i r  eventual widespread use. 
7.2 Recornendations 
Two avenues o f  research, both ana ly t i ca l  and experimental, should 
be followed t o  augment the f indings o f  t h i s  prel iminary inves t iga t ion  
i n t o  the IWFS and WDTES models. Future ana ly t i ca l  studies should include 
an in-depth inves t iga t ion  i n t o  the e f f ec t s  o f  thermal s t r a t i f i c a t i o n  i n  
the HTS and LTS f o r  the WDTES and IWFS models, respectively. I n  add i t ion  
t o  th is ,  a more de ta i led  analysis of the WDTES model should consider the 
off-design analysis of the Rankine Cycle subsystem, espec ia l ly  i t s  
turbine and heat exchangers. Also, an opt imizat ion scheme, based on 
nuximum energy e f f i c i ency  o r  minimum t o t a l  costs, f o r  WTG sizes and 
mu l t ip le  WTG arrays, should be derived f o r  d i f f e r e n t  wind regimes and 
load appl icat ions.  Another useful endeavor may be the  analysis o f  
the three systems w i t h  the add i t ion  of storage ba t te r ies .  Because a 
large amount o f  WTG energy i s  not  allowed i ~ t o  the system due t o  the 
feather ing of the blades, the p o s s i b i l i t y  t ha t  t h i s  e l e c t r i c a l  energy 
could be stored f o r  l a t e r  d i s t r i b u t i o n  t o  the e l e c t r i c a l  load remains. 
I f  a bat tery  subsystem could be incorporated i n t o  these advanced wind 
furnace systems, the storage o f  the high grade energy could a1 low smaller 
HTS and LTS tanks t o  be used and may decrease u t i l i t y  e l e c t r i c a l  re-  
quirements s i gn i f i can t l y .  This could a l low the p o s s i b i l i t y  o f  a lower 
cost system independent from e l e c t r i c a l  transmission l i nes .  As f a r  as 
economics are concerned, a more de ta i led  economic analysis, comparing the 
costs o f  inany d i f f e r e n t  se ts  o f  co~l~ponents and component s izes,  f u e l  
cos ts ,  fue l  esca la t i on  ra tes ,  i n t e r e s t  r a t e s  and amor t i za t i on  per iods 
should be performed. Also, t he  econo~ilic p o t e n t i a l  o f  these systems 
should be s tud ied  w i t h  respect  t o  any major government a l t e r n a t i v e  
energy funding o r  t a x  on heat ing  f u e l s .  
Because o f  t he  complex na tu re  o f  t h e  advanced wind furnace systems, 
a  f u l l y  accurate s i m u l a t i o n . o f  these systems w i l l  never be possib le,  a l -  
though i t  can be approached. Therefore, a  w e l l  instrumented p i l o t  p l a n t  
opera t ion  should be attempted a t  an a l ready e x i s t i n g  wind furnace f a c i l i t y .  
So lar  H a b i t a t  I, the  e x i s t i n g  wind furnace system a t  t h e  U n i v e r s i t y  o f  
Massachusetts o f f e r s  an oppor tun i t y  t o  f u r t h e r  eva lua te  these systems. 
Using i t s  32.5 ft. diameter 25 kw WTG, the  IWFS r de l  cou ld  be added a t  
a  low cos t  by the  a d d i t i o n  o f  a  r e c t i f i e r ,  Gemini i n v e r t e r ,  sw i t ch ing  
l o g i c  and con t ro l s .  A comparison o f  the  ac tua l  performance o f  t h i s  
system cou ld  then be made t o  t h e  WDTESl computer s imu la t i on  t o  determine 
the  program's v a l i d i t y  and j u s t i f y  i t s  use as an engineer ing t o o l .  F i n a l l y ,  
the  a d d i t i o n  o f  a  h igh  temperature thermal storage, a  Rankine Cycle sub- 
systelll and a  more soph is t i ca ted  sw i t ch ing  l o g i c  and c o n t r o l s  would a l l o w  
f o r  t he  i n v e s t i g a t i o n  of  t h e  WDTES, Type I 1  system i n  t h i s  w e l l - i n s u l a t e d  
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: Surface area o f  IiTS tank bottoni 
: Annual p ro to t ype  systelii cos ts  
: Annual mass produced system cos ts  
: S p e c i f i c  heat o f  a i r  
: A1 t e r n a t o r  c o s t  
: Annual convent ional  system cos ts  
: Annual p ro to t ype  wind system cos ts  
: Annual mass-produced wind system cos ts  
: Annual c o s t  o f  a u x i l i a r y  e l e c t r i c i t y  
: Annual convent ional  e l e c t r i c  c o s t  
: Average annual f u e l  c o s t  
: I n i t i a l  f u e l  c o s t  
: Annual c o s t  o f  aux i  1 i a r y  gas 
: Annual convent ional  gas c o s t  
: High temperature thermal s torage c o s t  
: I n v e r t e r  c o s t  
: Miscel laneous cos ts  
: Annual c o s t  o f  a u x i l i a r y  o i l  
: Annual convent ional  o i l  c o s t  
: S p e c i f i c  heat  o f  water  
: Cost o f  Rankine Cycle subsystem 
: To ta l  h i g h  temperature thermal s torage cos t  
: To ta l  p ro to t ype  wind system cos ts  
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Total mass-produced wind system costs 
Prototype WTG costs 
Mass-produced WTG costs 
Day o f  year 
HTS tank in te rna l  energy 
I n i t i a l  HTS i n te rna l  energy 
LTS tank in te rna l  energy 
Mass o f  HTS storage mater ia l  
Mass o f  LTS storage mater ia l  
HTS tank wal l  convective heat t rans fe r  
coe f f i c i en t  
HTS tank top convective heat t rans fe r  




1 bm NaOH 
lbm H20 
B tu lh r  ft2 OF 
meters 
gal 1 ons 
gal 1 ons 
: WTG tower height  
: HTS tank s ize 
: Amount o f  hot  water required 
: In te res t  r a t e  
: Tank insu la t ion  thermal conduct iv i ty  
: Amortization per iod 
: Absorbed so lar  energy 
: Heat r e j ec t i on  r a t e  through the a i r  cooled 
heat exchanger Btu/hr 
B tu lh r  f t  OF 
years 
: Aux i l i a r y  energy required f o r  space heating load Btu 
: Required heat r e j ec t i on  from the Rankine Cycle Btu 
: Rate of heat t ransfer red t o  the space heating 





Rate o f  energy added t o  Rankine Cycle working 
f l u i d  
Space heat i ng 1  oad 
Actual home space heat ing  load 
Rate o f  energy l o s t  by the  HTS t h a t  decreases 
the heat ing  load 
Rate o f  energy suppl ied t o  domestic ho t  
water load 
I n f i l t r a t i v e  heat ing losses 
Rate o f  energy re jec ted  from the  Rankine Cycle 
working f l u i d  
Rate o f  energy l o s t  by t h e  HTS through t h e  
basement f l o o r  
Rate o f  energy l o s t  by the  LTS through the  
basement f 1 oor  
Rate o f  energy l o s t  by t h e  LTS when space 
heat ing i s  n o t  requ i red  
HTS tank thermal losses 
Rate o f  energy l o s t  by the  LTS t h a t  decreases 
the heat ing 1  oad 
Rate o f  energy l o s t  by the  HTS when spa:? 
heat ing i s  n o t  requ i red  
Rate o f  s o l a r  energy ga in  through windows 
Annual c o s t  f a c t o r  
Rankine Cycle output  capac i ty  
. 
Annual f u e l  c6s t  esca la t i on  r a t e  





I iTS tank i n s i d e  rad ius  
F rac t i on  o f  maxi~~aai~ I tanki r~c Cycle e f f i c i e n c y  
HTS tank rad ius  t o  edge o f  i n s u l a t i o n  
Shading f a c t o r  
Basement temperature 
Tota l  annual cos ts  f o r  a u x i l i a r y  energy 
Tota l  annual conventional energy cos ts  
Cold water i n l e t  temperature 
Rankine Cycle maximum working f l u i d  temperature 
HTS storage medium temperature 
Domestic h o t  water d e l i  very temperature 
Indoor temperature 
Rankine Cycle minimum working f l u i d  temperature 
Ambient temperature 
Temperature a t  the  sur face o f  the  HTS tank 
i n s u l a t i o n  
Overal l  heat t r a n s f e r  c o e f f i c i e n t  f o r  t he  
HTS tank top  
Overa l l  heat t r a n s f e r  c o e f f i c i e n t  f o r  t he  
HTS tank w a l l s  
Volumetr ic f l o w  r a t e  o f  i n f i l t r a t i v e  a i r  
Wind speed a t  10 meter he ight  
Wind speed a t  tower he ight  
E l e c t r i c  power i n p u t  t o  the  HTS f rom the WTG 
E l e c t r i c a l  power i n p u t  t o  the  LTS f rom the  WTG 




" t h  
P 
'water 
: Seasonally adjusted e l e c t r i c a l  load kwh 
: A u x i l i a r y  energy requ i red fo r  the e l e c t r i c a l  load kwh 
: A u x i l i a r y  energy requ i red f o r  domestic ho t  water kwh 
: Average U.S. farm machinery load kwh 
: Nominal e l e c t r i c a l  load kwh 
: Required e l e c t r i c a l  energy output  from the 
Ranki ne Cycle kwh 
: S o l i d - s o l i d  phase change f r a c t i o n  - - - 
: S o l i d - l i q u i d  phase change f r a c t i o n  --- 
: Tank i n s u l a t i o n  thickness ft 
: A l te rna to r  e f f i c i e n c y  --- 
: Rankine Cycle thermal e f f i c i e n c y  - - - 
: Density o f  a i r  ft 3 /lb, 
: Density o f  water gal 1  ons/ l  bm 
APPENDIX B 
THE M A I N  PROGRAM 
The main computer program (WDTESl) was w r i t t e n  i n  Fortran I V  language 
f o r  the Control Data Cyber 70 time sharing computer system located a t  the 
Univers i ty  o f  Massachusetts. WDTESl features an i n te rac t i ve  input  format 
f o r  ease o f  operation and a choice o f  hourly, d a i l y  o r  monthly output 
formats. To use the WDTESl program, the operator i s  required t o  f i r s t  
get the data banks t o  be used and then t o  run the program. System cont ro l  
parameters and component sizes w i l l  then be inputted v i a  the i n te rac t i ve  
inpu t  format. 
A 1 i s t i n g  of the system cont ro l  parameters, the WDTESl Fortran 
var iab le  assignments and the WDTESl computer program fol low. The Fortran 
var iable assignments previously used by Darkazal l i  (11) are not shown since 
these saliie subprogra~~~s are used i n  WDTESl. The D, M and Y su f f i xes  f o r  
variables i n  WDTES1, are used t o  denote da i l y ,  monthly o r  year ly  values 
whi le hourly values have no su f f i x  ( i  .e. WE, WED, WEM, WEY represent hourly, 
da i ly ,  monthly and year ly  values o f  the e l e c t r i c a l  load.) 
WDTESl SYSTEM CONTROL PARAMETERS 
DIRHTS = 1. For WDTES, Type I opt ion 
= 0. For WDTES, Type I1  opt ion 
EEJ = 1. For minimum LTS tank surface area 




= 1. For minimum HTS tank surface area 
= 0. To inpu t  spec i f i c  HTS tank dimensions 
= 1 For monthly output 
= 0 For hour ly o r  d a i l y  output  
= 1 For average New England residence 
= 0 For wel l - insu la ted New England residence 
NOHTS = 1 For WDTES opt ion 
= 0 For IWFS opt ion 
= 1. For d a i l y  o r  monthly output 
= 0. For hour ly output 
USAVFM = 1. For average U.S. farm e l e c t r i c a l  load 













E l  00 
E l  25 
E l  50 








: Surface area of' ll-rS tcl~rk 1.op 
: Surface area of LTS tank top 
: 1nside.surface area o f  HTS tank wa l l  
: Inside surface area o f  LTS tank wa l l  
: Outside surface area o f  HTS tank wal l  
: Outside surface area o f  LTS tank wa l l  
: Speci f ic  heat o f  NaOH up t o  560' 
: Speci f ic  heat o f  NaOH froin 560' t o  600'~ 
: Speci f ic  heat o f  NaOH above 600'~ 
: Diameter o f  WTG blades 
: Day o f  year 
: Rankine Cycle e f f i c i ency  f o r  TLO = 9 3 ' ~  
: Rankine Cycle e f f i c i ency  f o r  TLO = 1 0 0 ~ ~  
: Rankine Cycle e f f i c i ency  for  TLO = 125 '~  
: Rankine Cycle e f f i c i ency  f o r  TLO = 150 '~ 
4 
: Rankine Cycle e f f i c i ency  f o r  TLO = 175'~ 
P 
1 
: Rankine Cycle e f f i c i ency  f o r  TLO = 200'~ 
: Rankine Cycle e f f i c i ency  f o r  TLO = 225'~ 
: Final  spec i f i c  in te rna l  energy i n  the HTS 
: I n i t i a l  spec i f i c  in te rna l  energy i n  the HTS 
: Final  spec i f i c  in te rna l  energy i n  the LTS 
: I n i t i a l  spec i f i c  in te rna l  energy i n  the LTS 























: Heat t r a n s f e r  c o e f f i c i e n t  a t  the  top  o f  the  
LTS tank 
: \ITS i n t e r n a l  energy a t  t l ~ c  end o f  the  
year per iod  
: Heat t r a n s f e r  c o e f f i c i e n t  a t  t he  HTS tank w a l l  
: Heat t r a n s f e r ' c o e f f i c i e n t  a t  the  LTS tank w a l l  
: Thermal c o n c t u ~ t i v i t y  o f  HTS tank i n s u l a t i o n  
: Thermal conduCt iv i ty  o f  LTS tank i n s u l a t i o n  
: HTS tank he igh t  
: LTS tank he igh t  
: LTS tank thermal losses when the re  i s  no 
heat i ng 1  oad kwh 
: WTG output  supp l ied  t o  e l e c t r i c a l  load v i a  the  
power cond i t i one r  kwh 
: LTS i n t e r n a l  energy a t  .ihe end o f  t h e  year pe r iod  kwh 
: Mass o f  h igh  temperature storage matevia l  (NaOH) lb, 
: C r i t i c a l  s p e c i f i c  HTS i n t e r n a l  energy B tu / l  bm 
: C r i t i c a l  s p e c i f i c  LTS i n t e r n a l  energy B tu / l  bm 
: Mass o f  low temperature storage mate r ia l  (H20) l b m  
: Tota l  annual . aux i l  i a r y  energy requ i red  kwh 
: Ranki ne Cycle e f  f i c i  enc.y - - - 
: Per iod o f  Rankine Cycle opera t ion  
?V 
: HTS tank thermal losses when the re  i s  no 
heat ing  load kwh 
: Day o f  the  month --- 


















: Meteor logical  data tape nu~ehcr 
: Number o f  days i n  the month 
: Day o f  the two month data tape per iod 
: Hour o f  the day 
: Month o f  the year 
: Heat re jec ted from the LTS through the a i r  
cooled heat exchanger 
: Aux i l i a r y  energy required f o r  space heat ing 
: Avai lable energy i n  the LTS above the  room 
temperature datum 
: Heat added t o  the HTS v i a  the resistance heaters 
: Heat added t o  the LTS v i a  the resistance heaters 
: Required heat r e j e c t i o n  from the Rankine Cycle 
: Annual amount o f  heat de l ivered t o  the heat ing 
load from the LTS 
: Source heat required f o r  the Rankine Cycle 
: Space heat ing load 
: Space heat ing load minus the tank(s)  thermal 
losses and t h e  s o l a r  energy inpu t  
: Space heat ing load minus the  tank(s) thermal 
1 osses 
: Thermal losses from the HTS tha t  decrease the 
space heat ing load 
: Domestic hot  water load 
: Heat r e j ec ted  from the Rankine Cycle t o  the  LTS 
which does no t  when the a i r  cooled heat exchanger 































: Thermal losses from the HTS tank bottom 
: Therrnal losses f r o n ~  the 1 TS tank bottom 
: Tht l r~~ia l  losses fro111 t t ~ c  llTS tank top 
: Tlier~nal losses from the LTS tank top 
: Total  thermal losses from the HTS tank 
: Tota l  thermal losses from the LTS tank 
: Thermal losses from the LTS t h a t  decrease the 
space heat ing  1 oad 
: Thermal losses from the HTS tank w a l l s  
: Thermal losses from the LTS tank w a l l s  
: Excess heat a v a i l a b l e  t o  t h e  LTS 
: Spec i f i c  excess energy a v a i l a b l e  t o  the  LTS 
: Spec i f i c  e l e c t r i c a l  energy a v a i l a b l e  t o  t h e  HTS 
minus the HTS loads 
: Spec i f i c  e l e c t r i c a l  energy a v a i l a b l e  t o  t h e  LTS 
minus the LTS loads 
: Useful s o l a r  r a d i a t i o n  through the windows 
: Space heat ing  load mu1 t i p 1  i c a t i o n  f a c t o r  
: HTS tank rad ius  
: LTS tank radius 
: Frac t ion  o f  "maximum" Rankine Cycle e f f i c i e n c y  
: Radius o f  the  HTS t o  the  edge o f  the  i n s u l a t i o n  
: Radius o f  the  LTS t o  the edge o f  t h e  i n s u l a t i o n  
: Average annual HTS temperature dur ing Rankine 
Cycle operat ion 























: C r i t i c a l  HTS temperature 
: Time increment 
: Maximu111 Rankine Cycle working f l u i d  temperature 
: Maximuni a1 lowable HTS temperature 
: F ina l  HTS temperature 
: I n i t i a l  HTS temperature 
: Average annual LTS temperature du r ing  Rankine 
Cycle opera t ion  
: Average annual LTS temperature 
: C r i t i c a l  LTS temperature 
: Minimum Rankine Cycle working f l u i d  temperature 
: F i n a l  LTS temperature 
: I n i t i a l  LTS temperature 
: Temperature o f  HTS tank t o p  
: Te~nperature o f  LTS tank top  
: Temperature o f  HTS tank w a l l  
: Temperature o f  LTS tank w a l l  
: HTS tank t o p  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  
: LTS tank top  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  
: HTS tank wa l l  o v e r a l l  heat t rans fe r  c o e f f i c i e n t  
: LTS tank w a l l  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  
: E l e c t r i c a l  energy added t o  t h e  HTS v i a  t h e  
res is tance heaters 
: E l e c t r i c a l  energy added t o  the  LTS v i a  the  
res is tance heaters 
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: Auxi1iar.y e l e c t r i c a l  energy requ i red  f o r  e l e c t r i c a l  
1  oad kW 
: Excess e l e c t r i c a l  energy a v a i l a b l e  t o  the  HTS 
a f t e r  HTS tank loads (and e l e c t r i c a l  l o a d  f o r  
WDTES) a re  met kW 
: Excess e l e c t r i c a l  energy a v a i l a b l e  t o  t h e  LTS 
a f t e r  LTS tank loads are met kW 
: A u x i l i a r y  energy requ i red  f o r  domestic ho t  water kW 
: E l e c t r i c a l  energy a v a i l a b l e  t o  t h e  LTS k  W 
: Far111 machinery e l e c t r i c a l  load kW 
: Non~inal e l e c t r i c a l  load kW 
: A l t e r n a t o r  losses k  W 
: E l e c t r i c i t y  de l i ve red  v i a  a l t e r n a t o r  kW 
: E l e c t r i c i t y  requ i red  from Rankine Cycle k  W 
: E l e c t r i c a l  energy l o s t  from WTG due t o  
fea the r ing  o f  blades kW 
: WTG e l e c t r i c a l  ou tput  kW 
: F ina l  so l  i d-sol i d  phase change f r a c t i o n  --- 
: I n i t i a l  s o l i d - s o l i d  phase change f r a c t i o n  - - - 
: F ina l  s o l  id-? i q u i d  phase 'change f r a c t i o n  --- 
: I n i t i a l  s o l i d - l i q u i d  phase change f r a c t i o n  - - - 
: HTS i n s u l a t i o n  th ickness f t 
: LTS i n s u l a t i o n  th ickness f t  
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I:I:31 1 III IJI.IIALLIJI=~ .....' iI.~!lr! ...-.HI:W+PWL+F.'IN) 
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b:::f41:1 IF#::NHF:.GT. 1.APiD.PiHP.LT.T) HIIJ=D. [:I 
o::::~? r~ I F I::NHF . EITI. 7::s HI~I=. 75 
fl376V I F  ':I.{HF.. El:!. 8 .  OR. IJHP. EIIl. 24::1 H,II=~. 
(1:3771j 1 F (piHp. EG!. 4) HW=:3. c,z; 
[1:373 Ill 1 F *:'NHR. EQ. 1 [I) HI,II=~ .2 
1:1:3791:I 1 F C:I.iHR. EQ. 1 1 . UP. IJHF.'. El;!,. zz::~ Hlrl=:3. 4 5  
0:3:3 0 I:I 1 F (I.{HR. Ei:!. 1 Z::I .HIJI=~. 2 5  
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1:1426 11 HI,! 1 =2. *I:. 1 4  1 &+R 1 +EL 
04270 Rn=RI+XIN:Z 
04280 AWO=s. +:3.1416*RO+EL 
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-1 . ' L . 
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I~I.('~~I:I BA=Ht*:::::. l.(15c(...'lail. 
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04970 970 EE=l:l. 
1:13491J EI,I=I:I. 
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05200 EI?I=l:l. 
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1:1227 ~ + - C O S  i:fi~) *T:OS +SIN I;.:DH:> 
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05460 IF(HI.GE.1.:396:3.HP{D.RI.LE.l.5708;1 HBS=11.66 
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c c '. - 
- - I.-dcu IF<:DF::SOLT.LT. 13. 1]::19'3:::~'3'3E. 
1:155:3[1 9'3::: DRSOLT=I:I. 0 
1::54 111 DF::OL=SnL 
1:15';5 I:I a?96 CUk+T I HUE 
,-I 7 C '- - 
- - I . - I~ ,  rlR:zOL':?=DR:SOLT+Cn:S 1 .RCO:z 1 1 
C1557 :SOL1~,.'=DR:~OL1:.'+~lF~;nL 
I I ',C=DR:ZOL?:'+ r: 1 . -RLpi::I +HE:S+DF:ZOL+ ( 1. -RD:! +0. 9 0  
CI 5 5 111 1 F 'y' . L T . 111 . [I ::I '.i' = 11 . [I 
Y17cal>i:i - - I F  ~ : . ~ l ! l ~ ~ ~ l . E l ~ ! .  l::~l:n TO 9c,[l 
1:15t31 1:1 IF i:.-Il.tlN~~. El;!. z::~ 137 TO ,375 
I: 5 e, 2 1:r I F I: .-I 1.11 p i  D . E I;! . :3 ::I E 15: ='I' +*A 
,:IF;<,::: ;:I ,3B3P I ~ ! : : : ~ L = E E + E ~ : + E ~  
1:15c.4 111 1 F /P+nHT:s. EQ. 0::~ G!LW=O. 
(-)t " C - 
- - ,b.-, 1 F i:NOHT:z, El;!. 0::' QLT=I:I. 
~?~E,<,I:I I F  (QHL. El;'. I:\. )12iI I : Ir  1 2 0 2  
1~15<,7[1 lz[l[l lT!:z:nL=[l. 
1:15&:31:1 I;!HT:ZHL=I:I. 
[15C,3 1:l l;!LT:SHL- I:I. 
11157 [I 0 QHLACT= [I. 
11157 1 0 GO TO 121114 
1357s 0 12 122 QHLMS=l;!HL- i:G!LC.I+QLT) - I::IT!LI~!L+IJ!LTL::I 
1:157:31:1 IF I::QHLM:~:? 1 2 0 6 ~  isits!, i e i o  
0 5 7 4  0 1 2  fie, I:!:~OL= 0 .  
1:15750 l;!HLAC:T=O. 
I-, c - 7 I -- QHTSHL= i:QHL ...' I::I~!LI~!+QLT+QLI~.IL+I~!LTL> ::I + (QLI!.I+I:!LT) 
1:1';770 I!LTSHL= l::QHL....' l:'QLU+QLT+G!LML+QLTL:! > (I>LWL+QLTL) 
1:1';7:31:1 130 TO 1 2 0 4  
[1573n  lz i1 :~ QSOL=O. 
- - - 
. - I:=:IJ!I I,!HTSHL=II!LIII+II!LT 
[I?::; 1 111 QLTSHL=l?LI.JL+lI!LTL 
Ciy:i:s0 QHLaC:T=O. 
[1ci:r731! 130 T O  1204 
1:15:f:41:1 12 1 [I I~~HLA~~:T=I~ !HLE~S- I~ I$ [~L  
I-, C -I C - 
. . ,:Z,-,IJ IF I::I:!HL~~I::T. LE. I~I. 1 ~ 1 2 .  1 2 1 4  
1-1  '5 - ;: <, I; 1 2 1 2 I:! 5: q L = I:! H L p1 :I: 
1:15 ::: 7 13 I,! H L A 11: T = I:I . 
1:15:?:3 111 QLT:SHL=I;!LI,IL+QLTL 
I:I~:::'~I:I I,~HT:::HL=I-:!L!,I+II!LT 
I:I~~~[II:I 130 T O  1?[14 
lli5.3 1 i; 1s 1 4  I;!:.I.:~L=G~:~~L 
1115'32 0 QLT:~HL=G!LIJ~L+I:!LTL 
1:\5'3:311l QYT:ZHL=QLI!j+IJ!LT 
1~15'~41~1 170 12[14 
1:1!f1351:1 121:14 lXIT.iTINl-IE 
' 3  + THE FOLLUM I HI: L I N E S  l:ALl:l-lLATE THE RANK I N E  CYCLE E F F I C I E N C Y ,  SOURCE 
1:i=?7 I:I+ At411 5: 1 NK HEHT REI;!I-I I REHENT:z 
i. , c, :-._:I:! .- ,-, IFt::NOHT:Z.EQ. 0::1130 TO l l O [ I  
,. - :-, ;- 
t . ; :_??O ':FI:DIRHT:S.EQ. 1.::11:31:14~1:3[16 
i:ic,i:;<li:l i:zCIc. IFCI,I~I.II~~.LT.[.,JE> 114, 116 
!:1<;13! Ci 114 I F  g:'.THT:Z:I. LE.  4 0 0 .  ::I 725.  737 
&, ,.., .:: -.- - 
-. - . L ? i. C I.' Ij.IPEQ= I::!?IE-I.I.IWI~) /. '35 
111~,0:31:I 130 TfJ 1 3 1 0  
I:IE.I~I~CI 1:304 I F I : : T H T : Z I . L E . ~ ~ I : I . : : I ~ ~ ~ .  1:31:18 
1:: 15 I:! 5 111 1 13 11 3 !?I R E 12 =IJ! E ....' . 3 5 
i:i 13 1:r 6 1 :3 1 111 F F;II E I:! = 1 . 
1..!5 [IT 0 TH I =THT:z 1-5 0. 
- .. . 
I . I ~ .  ; ::= fi i L a = T L T : z  1 +25. 
,-! +l' !-9 -2 i i  
- - . 1Fl::TLO.LT. 101:1.::1:31:11~:3[13 
++++++++++ PROGRHM I.?IDTE:S 1 ++++*++++* FHSE 11 
1 [I[\ 8 0 1 Ea33='59. .J:z [1'3745- 1 . 12 1 78996+TH 1 +'3. 0'34:23'Ss~+E-:>+TH 1 ++z [Ie. 1 1 U+-4. 13 0:3244:3E-5+THI++:>+ 1 . 14'3[I8'372E-7+TH 1++4 
013 1 ;1'0+-;1'. [1[16j,55'?1'3E.:- 1 O+THI ++5+;2. 1486:37'3:3E- 1:z+THI ++E, 
1116 113 I)+- 1 -2.3 133 1498E-  1 &+TH 1 ++7+:3.:328:3 136;28E-z [l+TH 1 ++s 
1]6.141:1 I F  i:TLO. LE. 93. ':1:30:3, 8 0 5  
0f5151:1 811:: ETH=E4'3 
na1F.n fitJ TO '?l:~il 
[16,17O :2rJ=, '; 1 i111=57.756,4[1[14- 1. ~ ~ ~ I : I S S ~ ~ ~ ; + T H I + F ; .  :372469O&E-:>+THI ++2 
13-.1:30+-4. 1:1'31j5;:2:3i1E:-5+THI++:3+1 . 1 2 1 9 4  10:3E-T+TH1++4 
[~ij 1.3 6+-  1 .9e,  il4:3'?';4E- 1 O+TH I ++5+2. 1 [I057 1:I:39E- 1 :>+TH I ++F, 
l](,z 00+- 1 . 2 6 2  185:3'3E- 1 E,+THI ++7+:3.25747F.44E-2~I+THI ++s 
111 6.2 1 0 >.( 1 1J P = I:: T L - 9 :.' . ) ...' 1:: 1 [I I:I . - '2 12 . :> 
I : I E , ~ ~  ETH=:i:: 1 I.]P+ I::E 1 I:) I:I-En3:>::1 +E43 
rlc,2:31:1 130 TO ,313i1 
iJc.241:1 :31]9 IFI::TLO.IT.E. 100 .  .HI.iD. TLO. L T .  125 .  :! 81 1 ~:;:19 
F 5 c I-,  :31 1 E 1 [I 1:1=57. 75t3.4 0 134- 1 . [113:3 1:1559E,+TH I +::. 8 7 2 4 6 9  Og,E-:>'+TH I +42 
0Gs<, [I+-4. 1:130522:3 [IE-S+TH I ++:3+ 1 . 12 1'34 1 II;3E-?+TH I ++4 
[I627 I:,+-1 .9i31:14:3954E- 1 O+TH 1 ++5+;2. 1 0 0 5 7  039E-  1:2+TH 1 ++c, 
Oc,z:2 [I+- 1 . 2c.z 185:34E- 15,+TH 1 ++7+:3.25747644E-s I:I+THI ++8 
,-, .6 -,,--. =, 03 I-l - I F  l::TLO.EII!. 11:11:1. ::1:31:3~:?:15 
l:lG:31)1:1 :31:3 ETH=El  0111 
I:Ic.:~~ 0 15n TO sI:la 
1: f: -,.:,JL .=. I-, - 815 E125=46 .8825955 - .  :3qz1248S1+THI  +7. ~ B C I : ~ Z ~ ~ ~ E - : ~ + T H I + + ~  
l:li -*. ?-, ,.:, n+-3. :325:::&585E-5+TH 1 ++:3+'3.:3 1 1 4 4 5  1 2 E - H  4 . 
06.34 _' .-I O+- 1 . e,:sc,e 1 1 i37E- 1 [I+TH 1 ++5+ 1 .76:377 178E-  1 :Z+TH 1 ++c, 
0Cv:3'; n+- 1 . [IE,57 1 4  1 :3E- 1 C,+TH 1 ++7+s. ?6476c825E-2  I:I+TH I ++8 
+' . .=. [I a ,:.:,IHF= I I ' : -~Lo-~  0 0 . :> .;' (125. -1 (10. ::# 
0E8:371:1 ETH=::.::IP{F'+ 1::E125-E 1 [Ii3::1 + E l  00 
06:3:31:1 130 TO ql:ll:~ 
1:1(,:3*3[1 :319 1Fr:TLO.lSE. 125. .AHD.TLO.LT. 151:1.::1:32lr:3Z13 
O(,4 [I 0 :sz 1 E 1'=0'-4e,. L . I  - %$25955- .  124:qS - 1 +TH 1 +7. 28 I:~:SZJZZE-:~+TH I ++s 
1:115,4 1 [I+-:::. :325:::65:35E-5+TH 1 ++:5:+9. :I: 1 1 4 4 5  1 sE-:s+TH 1 ++4 
i1&,42[1+- - - 1 . c,:3c,G 1 167E-  1 [ l+THI ++3+ 1 . 7EE:I:77 17;sE- 1 :3+THI ++c, 
4 3  0+-1 . [lC,!f17 1 4  13E-  1 c,+THI ++7+2. 7647&Ep25E-2 I:I+THI ++:3 
O<, 4 4  111 1 F I:'TLO. EGI. 125. :I :323 9 325 
I:lCn,45 I~I :323 ETH=E 1 2 5  
l:lc,4c.[l 50 TO '300 
l : I ~ ,~~? l~ !  8 2 5  E 1 5  1:1=.):::. 1:1~7:~::~::3-. 8 2 4 4  0575+TH 1 +em. 7'6.4'3374 1 E.-:3+TH 1 ++s 
1:1<,4:3 [1+-:3. 1 OF, I:I:37:3'3E-5+TH 1 ++3+:3. 7:>.78:3 178E-S+TH 1 ++4 
0&4'30+- 1. 542EB 0 2  0 1 E- 1 [I+-~H 1 ++5+ 1 . 1 III43ZE- 1 :3+TH 1 ++c, 
0c25 0 [I+- 1 . 0 1s 07575E-  1 E,+TH 1 ++7+2.6:33E.E,589E-2 O+TH I ++8 
0c,5113 ::.{11JP= I : : T L O - ~ ~ ~ . : : I  .,. (150 .  -125. ::I 
0<,52 1:1 ETH=g II.IP+ 1::E 15 0-E 125:> +E 125 
[1c,5:30 150 T o  5[10 
0 6 5 4  [I 8 2 9  1 F 1:'TLn. l3E. 15 0. . AND. TLO. LT .  175. ::I :33 1 9 839 
1:1~,~5Ij :33 1 E 15 l:l=J:::. 1:15573:3:3-. :3244 0575+TH I +en. 7E,49374 l.E-:>+THI ++z 
1]<,!561:l+-:I:. 1 0  r, f 1j.r: -'-'- I.. .::'?E:-5+TH 1 ++:3+:3. 7:37:3:> 17;3E-g+TH I++4  
ClC.57 0+- 1 . 542E,152 I:I 1 E- 1 I:I+'TH I ++5+ 1 . F4,9 1 0432E-  1. :3+TH I ++6 
1:1e,5:3<1+- 1. 0 121:17575E- 1 <,+THI ++7+2. E0:2:3E86';8'3E-2 I I+THI  ++8 
1:1C,59l:l IFr:TLU.El:!. 15[1.::183:3,835 
OC,F,I:I~:I :::3:3 E T A = E ~ ~ ~  
I~l~,~,11:1 130 TO 300 
6 .- .=, ,-,.=.I= 
- ,t,, . ,:,.,.-I E 175=43.  774:3859-. :3:'3159'3'346&+TH I +6. 85 176225E-:>+TH 1 ++s 
1:lhF _ .L1 -nil+-:::. _ 137515 14sE-s+TH 1 ++:3+8. :3 i l l 8 2 7 4  1 E-:S+TH 1 ++4 
I:IEcc,41:1+- 1.5494:39 17E- 1 O+TH I++5+ 1.157 1Eu754 1 E- 1:3+TH 1 ++6 
l:l<._.E,5 [I+- 1 . 1:11 [17&8::: 1 E-  lc,+TH 1 ++7+2. 623 [In3:3:9 [IE-Z l]+TH 1 ++S 
- - ljr,ij,e,i? ::iIp{P= <TLu-150.::1 ..<<175.-1513.::1 
oi36.7 0 ETH=::.{ (E 175-E 15I:I> +E 15 1 
0En6:c:0 130 TO 
O&rj91:1 83.3 IF<.TLO.GE. 175. . A N D . - ~ L O . L T . ~ I : I O . : : I : ~ ~ ~ ~ ~ ~ ~  
++++++++++ PROlSRnM ljIrlTES 1 ++++++++++ PHCE 12 
'1 
223 
1:1i;';'1:1ij $ 4  1 E 17$=4:1-!. ?793859-. 83&9994&6+THI+6 .851  Tij,zsSE-L;'+THI++;2 
0c.7 1 [I+-3. 1 3 7 5 6  lq?E-S+TH 1++:2+:3. :3 1:118274 1 E-s+TH 1 ++4 
1 ~ 1 ~ 7 2 1 ~ 1 + -  1 .5434:3917E- l  o+THI*+5+1. &7167541E- l :3+THI++& 
[l&7:31:1+-1.O11_57CtSS 1E-1 &+THI++7+2.&231]9:33OE-2[I+THI++8 
0<.74O I F  (TLO. EQ. 175 .  >84 :3?845  
0675  111 5 4 3  ETH=E 175 
1:1c,7&1:1 10 TO 91:111 
U<,77 11 3 4 5  E ~ I )  1]=4:2.7 0 5  1182 1 -. :3:3EE48E541 +TH I +&. e 4 3 5 7  [17 I]E-:~+TH 1 +f> 
1:167:3 I]+-3. 1 3 7  06  1 I : I ~E -~+TH 1 ++3+:3.80 1445:39E-e+TH 1 ++4 
(lc,7$0+- 1. 54u3~24 :>9E-1  [I+THI ++5+ 1 - 6 7  1922I]ZE-l3+THI++G 
Og.:I-: 0 0+- 1 . 111 1 1 11 1471:lE- 1 C,+TH I ++7+2.624 0 1111 1 ZE-2 I:I+TH I ++S 
l1lc,81 111 >.::INP=1:TLn-175.:>.'1:200.-175,) 
- - 
I J ~ . Y L  i~ ETA=X I rip+ )::Es 0 \:I-E 175::~ +E 175 
i.Ii34:!:[1 TO 30l:l 
1:!-,:;:4 111 :349 I F  1::TLO. I ~ E  . 2111 [I. . AND. TLO. L T  . 225. > 85 1 . 859 
C I ~ , : ~ O  851 E 2  0[1=4:2.7050:32 1 -. 8:3EE48&4 1 1 +TH 1 +&. S ~ ~ ~ ~ C I ~ [ I E - : ~ + T H I + + ~  
I:I~$E, I]+-3. 1 3 7  1 I ] ~ E - ~ + T H I  ++:>+e. :3 111 144]539E-s+TH 1 +44 
1?&:37 I:I+- 1 . 5 4 9 5 2 4 3 9 E -  1 O+TH I ++5+ 1 . C.7 19ZZ 122E- 1 :3+TH 1 ++c, 
IIIC.8::: I:!+- 1 . [I 1 1 [I 147 OE- 1 &+TH 1 ++7+3. 5#94 111 1 0 1 ZE-2 O+TH 1 ++8 
0C8:I-:'3O IF<TLO.EG!.2I:II:I.::185:::.:::55 
13591j0 :353 ETA=EZI]I:I 
1:1C;31 0 130 TO 9120 
0c.32 0 8 5 5  E225=44.  1:1:2:>2228-. 8 4 4  I] 1 :34:3&+TH 1 + G .  9 1117 1994:2E-:3+TH 1 ++z 
I:lg83:3 0+-:3. 1 en r:195795E-5+TH I ++3+8.:36 u69:3Za3E-8+TH 1 ++4 
01394 0+- 1 .55:353:27:3E-1 I]+THI ++5+1.ee8[112248E- 1 :3+THI ++G 
0cOs35 TI+- 1 . 0 1 5  0931:l I]E- 1 &+TH 1 ++7+2. 6:324&94]5E-z I:I+TH 1 ++8 
111 6,P em 111 I:.; 1 N P = I:: T L q - 2 111 [I . ::I ...' I: 2 2 5 . - 2 0 [I . :> 
1:1c,'37 1:1 ETA=X I NP- 1::E225-E2 0 I]> +E2 012 
1:1gtn3:3il GO TO 91:10 
0C,3'3111 859 I F  <TLD. El:!. 225.  :> 86 1 9[10 
"-"="-44. [18:3222s-. :3440 1:34:3&*TH 1 +&. 831;17 1394:3E-::;+TH I++Z 071:1!:10 :::gl EcL.-t- 
[17[11 I]+-:3. 1 6  6'35795E-5+THI++:3+8. 815 0ca3:>29E-8+TH I + + 4  
[17[121:1+- 1 .5585:3:37:I:E- 1 [l+TH 1 *+5+ 1 .680  12248E-  1:3+TH 1 ++c, 
0 7  111: I:I+- 1 . 0 1509:: [I UE- 16+TH 1 ++7+2. &:32415945E-2 O+TH 1 ++8 
[IT 11.) iI ETA=ESSS 
071:151? 130 TO 901:l 
i:I7 1116 111 '~I:II:I ETA=ETH+RNKFCT 
- - - - -  I.! ;- IJ ,. IJ GIH= ~l . , r  RE~:! ..; I:I . ~9:3::1 .-/E T A 
1:i7 11::: !:I I:IET~L=QH-- (I,I,IFEQ..... 111 za3:2> 
I !  ' 3  1 THE F0LLOlr.l I NT, L I NES REPRESENT THE MODE OF OPERAT I ON HND SIJJ 1 TCH I N G  
;:!7 1 0 0+ LOIS 1 C 
r:ilt_ 11:l IFI::IIIRHT:?.NE. 1.:1150 TO 1 3 1 4  
r:!7 12 I.,JE::~::T=Wl~lG- (I. 293* <l;!LTOT+QHI.S+l;)H::t 
r.7 - .  :3 [I 1 F I::THT:~: 1 . El;!. THMAX) 1 :1:2 [I 2 4 4  
r:lTl+~:l !:?20 IFC[I.IEXT.LE. 0.1 1324.  1 3 2 6  
I:i-15::! 1:324 I.I.IADD=WIJ.II~ 
1117 1 cB 11 I.I.IADDL= 0.  
111 7 1 7 111 13 O T 0 1 :I: 1 4 
57 1 :3 !:I 1:32<, l.tIADn=O. 2'3:3+ <QLTOT+QHW+QH::l 
:17130 GO TO 2E.5 
I:I~~I:I(I 1 3 1 4  I F I : : T L T S I . E Q . ~ ~ I I : I . : : I ~ , ~ I : I ~ ~ ~ ~  
0 7 2  1 [I 290 l;!L%=QETAL-QLTOTL-l;!HLHCT 
-: - r, _- - 
, i .cd~j I F  1::QL::.::)294. 294 .  2.36, 
- 1 - -, .-, 1 1  - 'r.qa 
- I L.-# - L . . IT!L=QETAL 
111 7 2 4 15 111 12 H >.:: = [I . 
:17?51:1 170 TO :3[1[1 
- - _-, .- - 
.! ;..;c. Ij 29E8 G!L=l;!LTOTL+l:!HLAl:T 
;. 
,_! . - I,! HI; H ;:.:; = 12 L ::.:: 
.. - - - , , ,. -: , , ,-i 
,- ,:, . i<o T :3 [I [I 
17241, 2 9 2  I F  I : 'TLT:~I.  LT .  2[11:1.)~9:~:~:~:1:1[1 

++*+++++++ PROGRAM WDTE:Sl ++*+++++++ 
1:17'_'1:11:1 GI7 TO 2 4 7  
07'3 1 r:I 2 4 7  l>n1,!A 1 L=EML+IZ:FIJI+ 1i:TLT:: I -TR) -I>LTOTL 
1:17'32 [I 1 F Cl:!Hi,!H 1 L-l;tHLAl:T? 24.3. 2 4  [I. 24 [I 
1;173:3 111 L7q5i t;!AU>.::=(;tHL riC:T-QAi,!li 1 L I 
lZ17'34 0 TO 2 4  il 
II ?'?fi 0 I se WADD= 11. ;;"li:3+i.:lLTnT+ O.z3:3+QHl.nl 
1.1 ;*IG, I I , 'h5 C n N r  I ~ 1 . 1 ~  
1.1 , - A  t: I , I I  T~=I,IIIII;~-~,IE-I.IIA~II~ 
, 11 '7 -3 :: 1.1 '[ k: 1. 1 T.2. Eli). 1 . '> I ~ I ~ ~ , ~ ~ ~ ~ ~ I , ~ I I ~ I I ~ - I , ~ I ~ ~ I ~ I  
i1; -~3*>i1 1:TLT:Z.I. I ~ T .  >I]I.I. .I 1 ~ : ~ < . 2 i 1 ~ 1  
I '~ I~~I~I I~ I I>  1'3::: l , , l l~~f i?~~TE=l , ILT~ 
111:s 13 1 111 1 F 1:D 1 RHT:::. EQ. 1 . :I QBCH:.:=l;lETAL 
- - - - -  - j . . . ! L = , I ~ ~ I J  :. , z[l[l ~ F ~ : T L T : ~ : ~ . E I : ! . ~ I ~ I ~ I . ~ I ~ I ~ I ~ ~ ~ ~ ~  
- - .  - -  - !?-;~.i:::~j 21:Iz !I!E>.<TL=lJlLT:5-[I. z9:3+lT!HLHIzT-lIl. z9:z+lT!LTO-rL . ..  
- - 
I I I 1 F (D 1 RHT:s. El:!. 1 . ::1 IJIE:~:TL=I.I.IEXTL+O. 29:3+15!ETHL 
i:1:3 1115 1:i 1 F (D 1 RHT:S. EQ. 1 . :I QL=QETAL 
- - - - -  
~J:=:I)~,IJ I F  I : : ~ J . I E : . T T L : : I ~ ~ ] ~ ~ ~ O < . ~ ~ ~ ] ~  
!:I :! 111 7 111 2 13 4 I,,! A 11 1 L =I!! L T 
I:I:~I:I:~[I 130 TO 2 1 0  
111: !:!-31:! 2 [IE, I.,IAIIDL= 0. ZS?:T;+l;!HLA~::T+I:1. ~~ : I ; * I ~ !LTOTL  
I 1 I I i F I::D 1 F;'.HT:z. EQ. 1 . ) I . I !~DL=WAD@~-  0. zm3:>+ly!ETAL 
1:1:31 1 ~ 1  150 TO 2 1 ~ 1  
I:I:~:~~I:I 21:1:2 I.II~~DDL=I:I. ~ ~ : ~ + I T ! H L H C T + I : I . ~ ~ : ~ + I ~ ! L T O T L  
[I::: 1 3  O I F  (D I FHT:s. EQ. 1 . ::I lJADDL=IrlHDDL- O. ?.'9:3+QETAL 
!:I:_: 1 4  0 ~II.IIA:~:TE=I,,IE>.::TL 
1:113151:1 130 TO 2 1  I] 
1:1:3 1 c, [I 2 1 I] C:lJNT 1 HUE 
1:1817[t 2 1 4  I F  ( T L T S I .  LT .  sl:11]. 216.218 
13:s 1 :31:1 2 16 QAVHIL=EML+I:PIJ!+ i :TLTSI -TR> -I;!LTOTL+I~!LTS.~III. 293 
t:1:3191:1 IF (DIHHTS.EQ.  ~.)I;!L=IS!ETAL 
0 8 2 0 0  I F  (ITIAVAIL-QHL~CT) 5729 57[1. 57[1 
0:32 1 0 572 I~HI-I~=QHLACT-G!H~}A 1 L 
,-. ,-, .-, .- 
v.t,_:rd I:I I>!ADDL=I.?ILT:z 
,-,,:, .=,.=, j, 
,.,-.,.- , .  1-0 TO 235 
;2. 'ZS . _iLi) [/ 57 I] GlE::.<TL=MLT:s- [I. ~~:!:+IJ!HLHI~T- I]. 2'3:~+l~ lLTOTL 
5 . - - - -  1 1 F i I l  1 RHT:;:. EQ. 1 . :I I.~IEXTL=IJIEXTL+ 0. 2?:3+QETAL 
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1 11 5 12 1 l.ll H I 1  I 1  = [I * 
1 135 1 1:l MAIlDL= 0. 
1 l:152O l,tlljl~:!:TE=I:I. 
1 I: 5 :3 111 1. E 5:: T = [I . 
1 111 5 4 1:; I! E :.: T L = 111 . 
11:1?zi1 I;!H=[I. 
11:15E,1:! IJF.'EQ=I:l. 
1 11157 r:r FREl;!= 0. 
1 I:I 5 ::: 0 I:! L B = [I . 
1 (15c190 I;!LEL=I:I. 
1 CIf,[iI:I I;!znL=I:I. 
: !:~f;l 111 IT!HTSHL=I:I. 
1 [ I E , ~  0 I;!LT::HL= 0. 
1 hr,:::i? I;!ETAL=I:I. 
1 r:IC,4Q 130 TU 5[10 
i:165 1:I cozc3 /'{IIHY=T.IDA'i+ 1 
, I:I<.~.I:I DALI.'=J)A'.{+l. 
~ I : I ~ , ~ I : I  FI:;P~~PI.EI:!. ~::I~,::I:I.~:::Z 
1 I:I~,:::I:I E,:I:s I F  r:KDns.I.'. EG!. 1) 130 TO 6:34 
: !:I~,~~I:I F  +:F.EI;!. 1. ::81sQ T o  c,:ze, 
1 !I! - 111 l:l 6,:; 4 p E I /'I? e, 4 11 
1 I>:' !:I C::zc. PR INT  i542, t:::DA'.I.', I.?ll.,.iGD. 1.1lEDr i;!HLAII:E? QH!l.iD. l;!ACH::.::D.WlJ.IA:ZTD7 
- -. .. 
: f j .  -. :. -. :  l:l+i;!fiI-i::.::D. I.I.IE~I-I::.<D 9 ~HI.tjHI-I::.<Jj. THCR I T 7 TLCF: I T 9 I.I!AIIDD 9 QHII 3 I.?IF.:EQD 9 FREQD 
2 ;: .;: .-, :-. - - 
, . .:, ? , I  :5 [I 1::: 1 A '.I.' = k:: I 1  Ha.(' + 1 - . .  
.. ... 
: , .. ..- :i i i.. +:.. YHF:=1 
_ - -  
1 I? !-. 5 I:; i.!! lr,l Is PI= I.I.I I! 5;D + 1) Ijl IyM 
1 1:17c, I] !dEM=lj!En+!?IErl 
d .-. - 7 i I.:. 111 !;!HLM=I;!HLD+I:!HLM 
1 U75t r:l QH~~I~~=I; !HI~!D+I~HI~~~I 
1 1:17'31:! r;!HLHl:M=QHL~CD+l;!HLAl:M 
1 111 :3 111 I:! !.A 1-1 M =I:! A IJ I:.:: 11 +I:! A 1-1 ):: 
4 1:1:3 1 111 I~IE~I_IXM=I~.IEHI_I:.:II+I.?IE~::~:M 
I !  l , l ~ 1 , 1 ~ 1 ~ l ~ : ~ : ~ ~ = l ~ l ~ I ~ . I ~ ~ ~ : ~ ~ ~ + l ~ ~ H l ~ i ~ ~ ~ M  
f 0::::31:! Q~!I:H::.(~~=I;!ACH>:D+I;IHI:H::.::~~ 
4 4 - -, I ! . ~ ~ ~ ~ . I ~ ~ ~ ~ ~ = I I I I I I ~ ~ : T ~ + I . ? I ~ I ~ : ~ T M  
I r:lr35 i:i I . l . i ~ ~ ~ ~ l = ~ ~ ~ l ~ ~ + l J l ~ ~ D ~ ~  
4 - ,-, .- - 
1 l.lc.t, !.: I;~HM=I~HD+I;!HT.~ 
ijl-: .- 7 i-I . I I I ~ E Q ~ = I ~ , ~ F ; ~ E Q I I + ~ ~ E Q M  
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THE ECONOMICS PROGRAM 
The economics program (WSDECO) was a l so  w r i t t e n  i n  Fo r t ran  I V  
1 anguage. WSDECO features an i n t e r a c t i v e  format and enables the  user t o  
compare the  economic f e a s i b i l i t y  o f  the  IWFS, WDTES, Type I and WDTES, 
Type I 1  models w i t h  the  conventional e l e c t r i c a l ,  gas and o i l  energy 
systems. This comparison can a l so  be ~riade f o r  bo th  pro to type and mass- 
produced advanced wind furnace systems using 1977 d o l l a r s .  
The WSDECO system con t ro l  parameters and For t ran  va r iab les  are  
g iven i n  the  f o l l o w i n g  sect ions a long w i t h  a l i s t i n g  o f  WSDECO. 
WSDECO SYSTEM CONTROL PARAMETERS 
AUXOPT = 1 For e l e c t r i c  a u x i l i a r y  system 
= 2 For o i l  a u x i l i a r y  system 
= 3 For gas a u x i l i a r y  system 
SY ST = 1 For I WFS 
= 2 For WDTES, TYPE I 
= 3 For WDTES, TYPE 11 
TYPINV = 1 For Gemiai i n v e r t e r  
= 2 For Abacus i n v e r t e r  
WSDECO FORTRAN VARIABLES 















: Annual p ro to type systen~ costs 
: Annual mass-produced sys tell1 costs 
: Annual cos t  o f  conventional e l e c t r i c  system 
: Annual cos t  o f  conventional gas system 
: Annual cos t  o f  conventional o i l  system 
: Fixed cos t  of prototype WTG blades 
: Fixed cost  o f  mass-produced WTG blades 
: Prototype WTG blade cos t  
: Mass-produced WTG blade cos t  
: Prototype a1 t e r n a t o r  cos t  
: Mass-produced a l t e r n a t o r  cos t  
: Annual conventional system costs 
: Annual prototype wind system costs  










Annual cos t  o f  a u x i l i a r y  e l e c t r i c i t y  
Annual conventional e l e c t r i c  cos t  
Average undel ivered e l e c t r i c i t y  cos t  based on 
esca la t i on  r a t e  over amor t iza t ion  pe r iod  
Undel i vered e l e c t r i c i t y  cos t  
Undel ivered gas cos t  
Average undel ivered gas cos t  based on esca la t i on  
r a t e  over amor t i za t i on  pe r iod  
Annual cos t  o f  a u x i l i a r y  gas 
Annual conventional gas cos t  


























Mass-produced generator  cos t  
Pro to type HTS c o s t  
Mass-produced HTS cos t  
Pro to type i n v e r t e r  cos t  
 ass-producei i n v e r t e r  cos t  
Prototype LTS cos t  
Mass-produced LTS c o s t  
Prototype mi sce l  laneous cos ts  
Mass-produced miscel laneous cos ts  
Annual c o s t  o f  a u x i l i a r y  o i l  
Annual convent ional  o i  1 cos t  
Undel ivered o i l  c o s t  
Average unde l i vered  o i l  c o s t  based on e s c a l a t i o n  
r a t e  over amor t i za t i on  pe r i od  
Conventional e l e c t r i c  system cos ts  
Conventional gas system cos ts  
Conventional o i l  system cos ts  
Cost o f  Rankine Cycle subsystem 
R e c t i f i e r  cos t  
Prototype WTG s t a t i o n a r y  p a r t s  c o s t  
Mass-produced WTG s t a t i o n a r y  p a r t s  cos t  
To ta l  p ro to t ype  HTS cos t  
To ta l  mass-produced HTS cos t  
To ta l  p ro to t ype  LTS cos t  
To ta l  mass-produced LTS c o s t  
























R I  
TC AUX 
: Tota l  mass produced wind system costs  
: Prototype tower costs 
: Mass produced tower costs 
: Prototype WTG costs 
: Mass-produced WTG costs 
: WTG blade diameter 
: A u x i l i a r y  energy t o  be suppl ied e l e c t r i c a l l y  
: Conventional system energy t o  be suppl ied 
e l e c t r i c a l l y  
: E f f i c i e n c y  o f  f u e l  heat d e l i v e r y  system 
: A u x i l i a r y  energy t o  be suppl ied by gas 
: Conventional system energy t o  be suppl ied by gas 
: HTS tank s i z e  
: WTG tower he igh t  
: I n t e r e s t  r a t e  
: LTS tank s i z e  
: Amorti za t i on  per iod  
: A u x i l i a r y  energy t o  be suppl ied by o i l  
: Conventional system energy t o  be suppl ied by o i l  
: Annual a u x i l i a r y  space heat ing load 
: Annual space heat ing  load 
: Annual cos t  f a c t o r  
: Rankine Cycle output  capac i ty  
: Rankine Cycle output  capac i ty  
: Annual f u e l  cos t  esca la t i on  r a t e  
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: To ta l  annual convent ional  energy cos ts  
: Annual domestic h o t  water l oad  
: Annual a u x i l i a r y  e l e c t r i c a l  l o a d  
: Annual e l e c t r i c a l  l oad  
: Annual a u x i l i a r y  domestic h o t  water  l o a d  
: Sums t o  20 year  e l e c t r i c i t y  cos ts  
: Sums t o  20 year  o i l  cos t s  
: Sums t o  20 year  gas cos ts  
0 [I 1 1:I [I PROGRHM l,lz:DECO 8: IfiPI-IT r OUTPIAT) 
[lI:Il ~I:I I ~ { T E G , E ~  A1_l::.::nF'Tr :'R'.(:Sr TYPIP{'#) 
0012[1 REAL LT:S?P{r 1 
[1i11:31] PF INT  51[1 . 
01:1140 5 1  0 FOPMAT C+INPlAT ELECTRICHLY :ZPACE HEATIN6 + 
111 111 15 0++AND DOMEST I C  HOT WRTER LOAD:Z+:> 
00160 READ~wEP,BHL' .~~TBHwY 
00170 PRINT 5 1 2  
0018 0 51 2 FOFMRT (+INPUT AI-I:.: I L  IRR'I' ELElZTR IC:HL, SPHtZE HEHT INS + 
[I 0 19 Q++HND nOME:zT IC HUT 1.1lfiTER LOAD:I:+) 
~III:ISI:IO RERDr MERI-IX'.(r ~ > ~ l ~ : : . ~ i . ' y ~ H l ~ . I ~ l ~ X ' ~ {  
01:1210 PRINT 5 1 4  
[I [ps 0 5 1 4  FnRMAT I::+ 1 NPI-IT LT:Z TAIiC: S 1 ~E+::I 
[I 02:3 0 READ, LTS 
1:11:124 51 PF I p{T . 5  1 E. 
[I [I25 0 5 1 c4 FOPMAT (+INPUT Z'7':I:TEM l-l:zED :, 1 - 1 l.1.lF9 ~-I,I.ID-~ES, TYPE I 9 + 
I] I:I2Cn O+*:~-I,I.IDTE:S y .TYPE 1 1 +::I 
0 027l:l REHD I Z'f:ZT 
O [I28 0 I F (:SY:::T. EQ. 1 ) 150 TO 1 09 
1313290 PRINT 5 1 8  
O1:131:I O 5 1 5  FORMHT <+INPI-.IT HT:3 THNK 121 ZE RANb::INE 4 
0 0:3 1 0++Cm.(lCL 1:: 1 ZE (4. KW OR 6; KW::I +) 
I:II:I:~~CI REAII. HT:zr RI: 
511:1:3::[1 IF I::SY:~T, NE. :3::1 130 TO 1[19 
O 1:1:34 il PRINT 5 5 2  
0 035 i 1  852 FOPMRT I::+INPUT I N14EPTEP TYPE 9 1 =I~EP? I N  I , ?=RBAl::UI:+;t 
[I 0136 [I RERD 9 TYP I NS.' 




0 134 1 6 1 (:1 I] 0 ~I-IXOPT=~lJf::OPT+ 1 
01:142 0 IzERU:x:= 0. 
13 1243 0 COAl-lX= 0. 
11 0 4 4  0 Cl:Anx= 0. 
0045[1, CECON+'= 0. 
[I 046  0 COCOHS,!= [I. 
11 047 0 ClsC:or{B.:'= 0. 
1 048 15 TlZAIJ>.::=O. 
uo4'3[I TCl:np{C,!.=O. 
01:150i1 N=~I:I. 
01151 1:1 I=. 08 
I] 052 0 CLTS=. :::8 
0 1:13:3 0 l:LT:SF=. 5 5  
[I 054 11 CHT5:=-:3.6&6.;7E-:3*HT::+$. 9 115<,7 
0 0550 CHT:SF=l:HTS+. 7 5  
51i:l56,1:1 BINC:T=ZZl:I. 
[I 1:1570 BINC:TF=ZZfl. 
1:11:1(58Q BLlI:T=. 0:38 
00540  BLCTF=. 047 
11 06, [I 11 Cl;Ep{=227 0. 
0 06.1 0 CGENF=88 0. 
006,20 CSTRT=4547. 
111:rc,:3 0 C:I:TATF= 1 6 5  0. 
QO64I:l I F  (Sn.{::ST. El:!. 1>:3157:I:1& 
[I0650 315 I F  CWEY. LT. 10000.  j 3 1 7 r 3 1 8  
00eV6,l] 131 7 CIN1y'=71 0. 
0 l]C,7 0 C 1 NVF=552. 
0 [lE,8 0 130 TO 5 3 6  
0 0 6 9 0  31E  CIN1-)=l 1]1:>. 
i.! I'ITI~I 1 1  I~. 1pi4.,+-=;:4. 
I I I I , - ~ I ~  1 1.1 -rn L:.:k, 
I I I ~ , ' . . ~ I  : i t - ,  ,P I  . F ~ I .  4..:152[1,!522 
1111;  :I1 ' t , , l l  I [~i'.:-:~,-ll'i. 
IIII,'.+II I ' ~ ~ + ' - . . ' ~ = - ~ B \ ~ , - ' .  
IIII, '~.,II T ~ < T ' y ' p I N ~ , ! - ~ ~ 1 2 ~ . ~ : : t ~ ~ 4 ~ ~ ~ 2  
I I I I , ' ~ , I I  c,>i+ I~ : IN* . , '=~. "  , - I b l .l 0 . 
I~II?;~I 1 : :1 r {~ )F= l~ lE , .  
I:I~:I':.~:~[I 52; I F  (f211:. EITI. c, .  : : I ~ ~ ~ . ~ ~ ~ ~ :  
13 111 7 '3 :I 5 2 E, I: 1 N 'a,!= 1 1 :3 . 
- - - - -  
:-I 1-1 :: I I 1.i 1 1  I N 'I) F = 7 7 4 . 
:I ;:I if: 1 111 1 F I:: T '.; p 1 N I.,! . E I;! . 2 ::I 5 :z 0 5 2 3 
11 111 :3 2 111 5 :> [I 1; I Pi'.,! = 7 '3 (I [I . 
111 111 :s :! 111 i: 1 p{ 'a! F = 1 :: 1 e, . 
[I c1:34 111 52s 1 F (RC. EQ. 4. > 5132 9 5 3 4  
I:II:I:$:%I:I ::>z I:RLT=~ [I~[I. 
111 1)86,O C:ALTF=c,E, O .  
111 111 3 7 111 130 T [7 5 :3 C- 
O[15:30 5 3 4  I F  I::RC. El:!. C,. ::~5:I-::f:~ 5136 
I:II:I:~~~I:I 53:3 I;HLT=~ 1135. 
0 1:19130 I : : ~ L T F = ~ ~  il. 
I:II:I-~~ 11 5:36 I : : ~ ~ ~ T I N I J E  
O 1 : l n ~ ~ [ l  I F  1::Rr:. El;!. 4.::' 5 4 0 . 5 4 2  
I:I[I~:::I:I 54111 CFECT= l  OI:. 
0 111'34 0 130 TO 5 4 4  
1:11i4:0 5 4 2  CI?ECT=l (II:I. 
[I 0.+, .,0 5 4 4  CONT I NUE 
l ~ I 1 ~ l o ~ ~ i 1  Cp115[:=:35I:I. 
[II:I?:~I] I : :M I :~C:F=~~~ : I .  
I:rr:l'39h C.Tl!!P=SI:l. 
i:ll r:i[lO CTblPF=22. 
I: 1 1111 I:I Fl:HF'=FC+l. 3 4 1  
. . 111 1 132 I) IIF.IC= 1 :::5. + I::?. + 1 . 5+ 1;RCHF'- 1 . .:I .:I 
111 1 111 : I: I F <R 1: . E I;! . 111 . ::I I: f? I:: = [I . 
1:Il [14[1 F=I..... <:I . -1 . ..... ':I , +I:' ++N:' 
I I I Cl!lr{D=E: 1 NCT+BLI:T*D++:~+CSTAT+CTI~IR+HT+CI~EN 
I : I ~  I~II~I:I I F  (:El. El;!. CI.::~ ~::I~.lpiIl=[l. 
i:~ 1 1117 /:I CTLTS=l::LTS+LT:S 
[I 1 0:: I: CTHT.S:=C:HT:Z+HTS 
I I I CTDT=C I r I N ~ I + ~ ~ T L T ~ + C T H T : S + ~ ~ F c I ~ + ~ ~  1 I.i1:!+CALT+1:RECT+C:MI:<:C: 
I 1 1 I I 1 F ~:::z'.i:::T. El:!. 1 ::I I::TOT=II:I~I~.ID+CTLT:~:+C 1 N':.'+l::RECT+CM 1 :I; 
I 1 1 I I F  r::.I:'r'::T. El;!. 2::1 I:TOT=C:I~~NEI~I:.TLT:::+CTHT:~+I::RC+C:ALT+C:I:. - .Z:[: 
0 1 1 2  111 AI:::~:T=CTOT+F 
I 1 1 :  I I;I,,INDF=E: INI:TF+ELI:TF+D++:I-:+I~:S-~FTF+CTI~.IRF+HT+CI;E~JF 
[11 1 4 0  I F  1::D. El:!. 0. > C:UNDF=O. 
111 1 15 I: CTLTSF=C:LT:SF+LT:S 
111  16, I:! l:THT::F=CHT:Z:F+HT::: 
11 1 17111 I:TOTF=CI~!~.~DF+I:TLTSF+I:THTSF+C:RC+C IP{VF+CHLTF+CRECT+CMI S I ~ F  
1 1 1 1 F I:::z'.j':zT. El:!. 1 ::I C:TOTF=CWI.IDF+CTLTSF+C 1 N ' . I F + C R E I ~ T + I ~ ~ ~ I  :sCF 
I:! 1 3  11 I F  ?':S'.(ST. EQ . z )  C T O T F = C I A ~ ~ D F + I : T L T ~ F + C : E  1 SCF 
!I! i 2 [I [I RC:STF=CTOTF+R 
1:;1 I:I ri=2[1. 
- L . - -  - 
, -, I . L, -# .-, IJ I F  I:AI_IXOPT. GT. 1 :.I GO TO 4 2 7  
i; , :, ,: - 1-1 P R I N T  6,:32 
!:I 124 11 ca:32 FORMAT I::8::< 4HCWPiD 9 1 1 X 9 4HCTOT F 1 1 :x: 9 .~HACST:I 
I: : z5 1 F'R 1 N T  1 1 0. CljjPiD. C:TOT 9 ACST 
!:11Zr,l:! F F I N T  G,:24 
4 -, - - 
.. L i i 1. 1334 FORMAT (7::.<9 ~HCI,I.INDF 7 1 F SHCTnTF 9 1 III::.:: 9 SHAC:ZTF> 
;-, . 1 L:-  ;:; !I ; F R  1 HT 12 ):I. lz!rlNIlF C:TOTF HI ISTF 
<!  - - ;.:':>il - .. - - 427 rZONTIp{lJE 
[I 1 :>1111 [:ELECT=. 1345 
[ll:::l 111 P I = .  1:1*. 
[I 1 ;:z 0 EFF=. 95 
[11:330 COr{'l)E=l&.';U. 
0 1 3 4  [I HCONVE=CONVE+R 
1:1 135 1:1 1 F (Hl_I)::UPT. El:!. 1 ::a EHIJX=I.I.IEHU)::Y+I~!~U)~Y+I~H!I.IAU>::'~ 
Q 113E.0 I F  (fiI..IXDPT. EQ. 1) E1:NV=lr.lEY+QHLY+TC!HWY 
fl!:>TO I F  (filJ::.:OPT. El:!. ~::IEHIJ>::=IAIERU~'~ 
01350 I F  <HI_I::.(OF'T. EO. L5:#EC:N1:.'=I.I.IE"{ 
01:>Y[l IF(AI.I:>::OPT. EQ. ::I EfilJ::.{=l~.lEHl-l>.::'.C 
1:114[11:1 I F  I':HI-I::.<DPT.EQ. :::I EC~~'-)=IIIE'+ 
c1141c1 ;=[I. 
[11420 E.J=[l. 
0 1 4 3 0  2 4 9  E.J=E.-I+ 1 . 
0 144  [I CELlZT 1 = i 1: 1 . +R I :? +*EJ::l *CELECT 
0 1 4 5  0 z=Z+CELCT I 
Q 1 4 6  0 1 F (E.J . El:!. Pi::' 2 5  0 9 24'3 
0 1470  250 [:OUT INIJE 
[11480 CELH1+=Z.....r{ 
0 1.19 [I IZEHUX=EHUX+CELRV,;EFF 
0 1 5  013 CECONV=ECNV+CELHV/EFF 
[1151[1 IF(HUX~PT.EQ. I:I:O TO 500 
0 1 5 z  0 1 F (HI-I::.:OPT. EQ. 3:?50 TO 4 1:10 
015311 COIL=. 0 1  1 7  
01540 R I= .  07  
11 1 5 5 0  EFF=. 5 5  
0 1 5 6  0 CON$'O= 195  [I. 
13 1 5 7  0 HCOMVO=CONVO+R 
015:2{1 OHUX=QHIJX~+I~IHI.I~HI-I;><~.C 
11 15.3 0 OC~NV=I~!HL'$+TQHIJ.~Y 
1]ldCl0 ZZ=-  U. 
0161  0 EJI~=O. 
[11&20 299 E.-l1:=E.-l13+1. 
1:11&:311 I :UILI=<(~.+RI::~++E.JI~:~+IZOIL 
(ll641:, z2=7- ,L+C:OIL I 
1:11E.50 IF(E.JG.EQ.td::l:3[II:Irz33 
cr16cj0 3 0 0  COriTItJIJE 
111 1 5 7 [I 1: q 1 L HI.,,' = Z Z ....' N 
0 168 0 COHlJX=OAlJX*CO I Lfi'*).*>EFF 
11 169111 COCON1:t=OCON'~)*120 1 LH1n)....'EFF 
017[l[l 130 TO 500 
0171 I] 4 0 0  1:13A:3=. 111s 
01720 R I= .  08 
017:>0 EFF=.g5 
0 1740  CON$,!l:= 187l:l. 
0 1 7 5  0 ACOP~'I)I~=CONVG+R 
01760 ~~~I_ I>:= I~~~I - I~ '~{+ IZ IHI~ l~ I~ l : :~: : '~{  
017713 I~COP~'~)=QHL'~{+TI;!HI.~~'~{ 
n1780  ZZZ=O. 
01790 EJl3p1=1:1. 
0 1:30[1 40'3 ELItjt-l=E.JI3tq+ 1 . 
111 1 8  1 0 C:isH:z 1 = < ( 1 . +R I :? ++E J13M::l +l:GH:.T: 
0 18zl:l ZZZ=ZzZ+CGA:z: 1 
01831:1 I F ( E J ~ P ~ . E I ~ ! . P ~ : : ~ ~ ~ ~ ~ ~ [ I ~ ~  
01840  4 1 0 COMT INI-IE 
0 185 0 I:I~A:S~~V=Z~Z,.>N 
0 186 0 CGAI-I%=I:HI-IX*CI:ASHV~EFF 
0 1 8 7 0  CI:CONV=I:CONV+CI:HSA~~),EFF 
0 let3 0 5 00 T C : H l - l ~ = C E f i l J X + I ~ o H I J : : - ~  
0 189 0 TCCONV=CECONV+COII:UNV+II:I3I~~~tJ'~J 

APPENDIX D 
ENERGY FLOW DIAGRAMS 
Energy f l ow  diagrams f o r  each run o f  the WDTESl program are  shown i n  
t t?isappendix. The var iab les  l i s t e d  a re  def ined i n  Appendix B, and the  
y e a r l y  values g iven f o r  them represent  energy f l o w  i n  kwh unless otherwise 
s ta ted.  The flow o f  energy t o  the  var ious components and loads was bene- 
f i c i a l  i n  determining t h e  e f f e c t s  on a s p e c i f i c  system, o f  v a r i a t i o n s  i n  
the parameters considered ( i . e .  HTS tank s ize,  e l e c t r i c a l  load, f r a c t i o n  
o f  maximum Rankine Cycle e f f i c i ency ,  etc. ) .  Because of t h i s  and because 
a l a r g e  amount o f  in fo rmat ion  can be represented i n  a f a i r l y  simple form, 
diagrams o f  t h i s  type should be used t o  study advanced wind furnace and 
poss ib l y  o the r  types o f  s o l a r  energy systems. 
Only one example output  form i s  shown - the  o thers  a re  kept on f i l e  
i n  the  Mechanical Engineering Department a t  the  U n i v e r s i t y  o f  Massachusetts. 

